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ABSTRACT
Understanding solid surfaces and their properties is of crucial importance for many
sectors of industry.

This interest stems from the fact that solid surfaces are the

working interface between a solid material and its environment and in many cases it is
this interface which determines both the suitability and life span of a mechanical
component.

Furthermore the modification of surface properties using coatings and

multilayered materials has grown significantly, particularly in the case of data storage,
optics and microelectronics. The demands of these and other sectors have provided the
impetus for the development of material testing techniques applicable to coatings at the
micro and nano scale. The advent of scanning probe microscopy (SPM) in the 1980s
has provided an ideal platform on which the development of new material testing
techniques can be based.

SPM systems have surpassed conventional instruments in

terms of resolution limits and are capable of measurements at the atomic scale.

This

thesis examines the use of SPM based techniques in the evaluation of surface properties
such as roughness, hardness, wear, adhesion, adhesive force and friction.

To fully

investigate the feasibility of using scanning probe technologies for material testing at the
microscale and nanoscale, a prototype multitest instrument based on these principles
was designed and constructed.

Preliminary applications data obtained using this

prototype are presented and demonstrate the potential for instruments of this type.
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CHAPTER ONE

INTRODUCTION

The surface of a solid is the boundary between the bulk solid and the outside world and the
characteristics of this boundary have significant influence on how a solid reacts with its
environment. At one time surfaces were considered to be a continuation of the bulk solid
and to have the same properties. As the identity and role of surfaces gained recognition
the outermost 1000 and then 100 nanometres of a solid became to be considered as its
surface. However these definitions merely reflected the depth resolution of bulk analytical
techniques. The development of surface specific techniques such as low energy electron
diffraction (LEED) and Auger electron spectroscopy (AES) in the 1960s led to a further
reappraisal of solid surfaces and the surface is now seen as a bulk defect with its own
properties rather than a continuation of the bulk solid. The solid surface is now considered
to be the top few atomic layers with a typical thickness of 1 nm [1].
In principle a surface can be just a single atom thick as illustrated in figure 1.1(a)
where the crystal structure abruptly terminates at the outermost layer. More typically, the
outermost layer may relax (figure 1.1(b)) or reconstruct (figure 1.1(c)) leading to an
increased thickness of the surface. Reconstruction arises from attempts by the surface
atoms to reduce the number of unsatisfied or dangling bonds. In reality, the physical
structures shown in figure 1.1 can only exist in a perfect vacuum.

The dangling bonds

resulting from the creation of such surfaces would not remain in this state if opportunities
for chemical bonding were presented. In air a new surface created by fracture for example
will react with gas molecules in nanoseconds.

So in practical terms real solid surfaces

will be chemically and physically very different from the bulk solid.

Figure 1.1 The various possibilities for the surface of a crystal: (a) same as bulk; (b) relaxation of the
outer layer; (c) reconstruction of the outer layers.

It is widely recognised that surfaces play a crucial role in many technologically
important processes such as :
•

corrosion

•

wear

•

joining

•

catalysis

•

polishing.

Furthermore, the modification of the surface properties of materials by coating and other
processes and the development of multilayered materials using thin film deposition
techniques are of increasing importance in a number of industrial sectors,
significant of these being:
semiconductor devices
precision optics
surface reagents and catalysts
information storage devices and media
lubrication
surface modification of machine tools.

the most

As technology has improved the demand for materials which have a blend of
properties and characteristics has also increased. For example high strength machine tools
which are wear resistant are of crucial importance in manufacturing industry and have
required new toolmaking techniques. This has led to the development of surface coating
techniques where the bulk material has the strength and the applied surface coating
exhibits the wear resistance properties. Another area which has seen the increased use of
surface coatings is the microelectronics industry where coating layers are applied to
printed circuit boards to provide a protective passive layer. This increased interest in the
area of surface coatings has provided a new impetus for understanding and evaluating the
properties of surfaces and their role as an interface between materials and their working
environment.
Our increased understanding of the role of surfaces and the development of
effective surface modification techniques was enabled in the 1960s by the development of
surface specific analytical techniques such as AES. Unfortunately the development of
techniques for determining the mechanical properties of surfaces has lagged behind the
chemical analysis techniques. This lag is no reflection on the importance of the area of
mechanical testing but merely emphasises its difficulty. Indeed the economic benefits of
understanding the mechanical properties of a surface are well recognised. For example
understanding wear would enable the development of surfaces with a long life span. Gee
[2] estimated that savings in the region of 1.3 to 1.6 % of the United Kingdom's gross
national product could be made with proper implementation of tribological principles.
The objective of this thesis is to examine the feasibility of designing a multi-test
instrument capable of evaluating material properties at the micro and nano scale using
scanned probe microscopy (SPM) principles. Chapter two reviews mechanical properties
and the history and methods of material testing. Chapter three introduces scanning probe
technologies and identifies the essential components of these systems. The actual design
of the prototype instrument is presented in chapter 4. Finally chapter 5 provides detailed
information on the calibration and testing of the prototype instrument.

CHAPTER TWO

MECHANICAL PROPERTIES AND
CONVENTIONAL MATERIAL TESTING TECHNIQUES

The key mechanical properties of interest in the evaluation of solid surfaces are:
•

topography

•

adhesion

•

friction

•

hardness

•

wear.

Although these properties are distinct they are interlinked. For example topography is a
fundamental property that can have a direct influence on other properties as it affects inter
alia contact area. On the other hand the amount of adhesion between two surfaces can
influence friction and wear.

2.1

Topography

All real solid surfaces have three dimensional irregularities which in extreme situations are
at the scale of individual atoms or molecules.

In reality the surfaces of even the most

highly polished engineering components have irregularities that are appreciably larger than
atomic or molecular dimensions.

The topography of a solid surface is a geometric

property characterised by a set of irregularities that are determined in the first instance by a
fabrication process. The distribution of these irregularities over the surface can be
directional as is the case for turning, milling and planing or homogeneous as is the case
with electropolishing and lapping.
Close examination of real surfaces show they are formed by short wavelength
fluctuations that are characterised by hills (asperities) and valleys of varying amplitudes
and frequencies of occurrence.

On many surfaces longer wavelength irregularities are

observed and this waviess is caused by the vibrations of the workpiece or tool during the

preparation of the surface. In addition the surface also contains undulations of very long
wavelength geometric variations, referred to as form, which typically reflect the shape of
the object. The extent to which a given instrument measures waviness and form depends
on the lateral range of the instrument and the scale of the object whose surface is being
evaluated.
2.1.1

Conventional Systems for Evaluating Surface Topography

Traditionally surface topography has been evaluated from a single trace or profile of the
surface w'hich recorded vertical displacements versus distance.

A wide range of

parameters were developed to provide a quantitative method of describing these two
dimensional traces and to distinguish the various types of surfaces produced. However
recent developments have allowed the acquisition of three dimensional profiles of surfaces.
The importance and growth of the area of 3D characterisation of surfaces has been
highlighted by a recent European Union report [3].

Conventional techniques can be

divided into two general classifications: (i) mechanical profilometer; and (ii) non-contact
optical profilometer.
(i) Mechanical Profilometer
The best-known mechanical profilometer is based on the stylus method and the basic
principle of this instrument is shown in figure 2.1. In such instruments a fine diamond
stylus is drawn smoothly and steadily across the surface under examination. As the stylus
travels over the surface it rises and falls and the vertical movement of the sensor is sensed,
either inductively or optically,

amplified and recorded. When recording the data the

detected vertical measurements are referenced with respect to an appropriate reference
plane or datum.

The datum is generally established by either a datum-generating

attachment or by a large radius skid or flat shoe.
Initially stylus profilers were designed to record single line traces but recent
stylus profilers have incorporated three dimensional capabilities.

The principle of

operation is very much along the lines employed in 2D measurements except that the
specimen surface is moved in a raster scan via a computerised X-Y table while the stylus
remains stationary.

The computer has the advantage of both storing measurements and

performing numerical operations to enhance the profiles and determine the required
parameters. All 3D surface topography systems are computer controlled due to the large
amounts of data manipulation necessary.
,
1

Pickup
^
Gear-box

Datum Stylus Surface
Amplifier

Data
logger

Chart
recorder

Figure 2,1 The principle of operation of a stylus profilometer.

(ii) Optical Profilometer
While contacting methods are the most widely known methods of data capture for 3D
topography, optical methods are increasingly being used. Non-contact optical methods of
surface measurement are attractive because they overcome the difficulty of surface damage
during scanning. Although initially these systems were limited in the range of surfaces that
could be assessed (typically those with a roughness less than half the wavelength of light),
recent developments have improved their vertical resolution (e.g the vertical resolution of
Wyko RST is 3nm [4]) thus providing a valuable tool in the analysis of ultra-fine surfaces.
A range of different optical profilometer systems has been developed, many of which use
light scattering [5-7], interferometric methods [8-10] or focus detection system [11-13].
Interferometric Optical Profiler
Commercial optical interferometric 3D profilers are generally used when nanometer
surface resolution is required. These systems operate by exposing the test surface to
monochromatic, or near monochromatic, light and observing the interference fringes
produced using a slightly tilted optical flat. The fringe patterns are produced by splitting
the light beam and the interference patterns are produced by interference between
reflections from the tilted optical flat and the surface to be measured. The fringe patterns

are analysed by a computer programme incorporating the appropriate algorithms to give an
unfiltered representation of the surface. This data may be statistically processed to give
any other calculable information concerning the surface in question. The two most widely
used techniques are phase shifting interferometry and scanning differential interferometry
[14, 15]. Figure 2.2 illustrates the principle of one such instrument. Vertical resolutions
down to 0.1 nm can be achieved although the maximum height measurable is limited by
the depth of focus of the instrument to a few micrometres.

Figure 2.2 Schematic diagram of a digital optical interferometer.

For the examination of very fine surface features, especially on compliant surfaces
(e.g. polymers), optical interferometry has clear advantages. An example of a commercial
system developed on this principle is the model TOPO-3D interferometric optical profiler
developed by Wyko Corporation [4].

Light reflected from the surface under analysis

interferes with light reflected from an internal reference surface and is then imaged onto a
solid-state detector comprising a linear array of 256 x 256 pixels.
Focus Detection 3D Systems
These systems [11, 12, 13] have been deve[oped in the last 15 years and are based on
detecting the focus position of reflected light and hence the profile height. Typically, an
optical focus "stylus" of 1 p.m diameter replaces the tip used in mechanical measurements.
7

A focus detector analyses the light scattered back from the object. If the focus is above or
below the surface the detector generates a signal that moves the lens in order to refocus it.
The lens movement accurately follows the surface contour and is tracked by a high
precision inductive displacement transducer. Detection of the focus position is largely
unaffected by surface reflection characteristics. The movement of the lens represents the
measured surface roughness data and is converted by a computer into 3D images and
roughness parameters.
(iii)

Other Methods

There are a number of other techniques that have been used to determine surface roughness
and these include both optical and mechanical based systems. The capacitance technique
[16] is based on the principle that a condenser can be formed between the sample to be
measured and a thin electrode placed near the surface. The capacitance is inversely
proportional to the logarithm of the distance from the surface and thus gives an indication
of the heights of the surface. The ultrasound measurement [17] is based on a transducer
which sends out a pulsed ultrasound signal and collects the echo from the surface. The
profile is deduced from the time the signal takes to travel between the transducer and the
surface under study. An example of an optical based technique is the light scattering 3D
systems [17-19] which uses the scattering property of rough surfaces to determine a
characteristic value for the roughness. Another optical based laser system [20, 21] uses
the technique of autocollimation.

2.2

Adhesion

Adhesion relates to the attraction that occurs between substances when they are brought
into contact and the work necessary to separate them.

When discussing adhesion

practically it is necessary to consider two distinct situations. At a fundamental level,
adhesion is the attraction which occurs as a result of intimate contact at a molecular level.
This form of adhesion is referred to as the ‘adhesive force’. The second form of adhesion
addresses adhesion over an entire interface, such as the adherence of a coating to a
substrate and is discussed in the next section.
8

There are two major considerations that contribute to the ‘adhesive force’ [22-24],
namely surface forces and the "true" area of contact. A major difficulty encountered in the
study of the mechanical interaction between solid surfaces is the evaluation of the true area
of contact, i.e. the area over which the atoms of one surface are within atomic distance of
one another. Early researchers believed that the true area of contact was the same as the
geometric area whereas the true area of contact depends on the way in which the individual
asperities deform. The importance of the area of contact is illustrated by the number of
researchers that have developed systems to measure not only adhesion but also the area of
contact [25-32]. By definition the "true" area of contact will influence the degree of
surface forces.
Surface forces are those which act between two surfaces when they are in close
proximity and are a summation of all the interatomic forces. The equation [33] below is an
approximation of the total intermolecular pair potential between two atoms
r

r

The first term is attractive and in all situations involves van der Waals energy while the
second term is repulsive as electron orbitals start to overlap.

At larger distances the

attractive term dominates whereas at small distances the repulsive term dominates (figure
2.3). Surface forces are not dominated by van de Waals forces in all cases as other stronger
types of bonds of shorter range may be involved. Therefore the adhesive force can be
affected by (i) covalent bond, (ii) ionic bonds and (iii) metallic bonds. These bonds are the
basis of adsorption, electrical [34-36], diffusion [35-38], and chemical [39-42] theories
which attempt to describe the nature of adhesion interaction. It is important to note that if
atoms were only subjected to attractive forces all the atoms would coalesce and therefore at
short separations some type of repulsive force must operate. In most cases the repulsive
force arises from the electron shells which resist compression.
The above discussion of adhesion has been in relation to intimate contact and
adhesive force,

where the effects of outside forces have been minimised in order to

examine and understand the interaction. The inability to apply this analysis to large contact
areas was highlighted by Gane et al. [31] who used two mutually orthogonal cylinders to

determine the adhesion.

The observed adhesion was 100 to 1000 times smaller than

theoretically expected, this variation being attributed to surface roughness.

Surface

roughness has a number of effects; firstly it reduces the area of intimate contact (note that
these areas of intimate contact are usually broken sequentially [43]) and secondly it may
introduce high asperities which could effectively push adhering surfaces apart. Tabor [44]
reaffirmed the belief of Gane et al. that surface roughness affects adhesion and also
indicated the importance of ductility.

Fig. 2.3 (a) Force and (b) potential energy curves for two atonis( or molecules) as a function of
separation.

As a result of the latter and other research it was found that in general when two bodies
come into contact they can adhere in a way which is determined by their elastic properties
and their surface roughness, by the interaction (i.e., surface forces) between them and by
any externally applied load. Furthermore the methods by which a coating is deposited and
the environment in which it will perform must be taken into consideration when trying to
determine its subsequent adhesion. These fundamental factors are the reasons for the
differences in measured adhesion between intimate contact and contact that occurs over
large area as is the case with coatings.
2.2.1

Adhesive Force

There are two key aspects to the analysis of the adhesive force [22-24] between two
surfaces: the true contact area and the surface forces. Indeed a major difficulty encountered
in the study of the mechanical interaction between solid surfaces is the evaluation of the

10

true area of contact, i.e the area over which the atoms of one surface are within atomic
distance of the other. This differs from the geometric area as the true area of contact is
affected by the way in which individual asperities elastically and plastically deform. A
number of models have been developed to describe such contact [25-28] and some
researchers have directly measured the true area of contact. The latter techniques include
internal reflection [29], electrical resistance [30, 31], thermal resistance [30, 31], optical
interference [32] and ultrasonics [29, 45].

Figure 2.4 The experimental arrangement of Gane et. al. [31] used to measure adhesion.

2.2.2

Methods for Determining Adhesion or Adhesive Force

Relatively little research has been carried out experimentally to verify adhesion theories
and understand the factors affecting adhesion. Johnson et al. [32] and Gane et al. [31]
measured adhesive forces and the work of adhesion of materials. Gane et al. [31]
proposed a resistance technique for examining the adhesion between clean surfaces at light
loads. The system comprises of two cylinders (specimens) which are mutually orthogonal
to each other in the crossed cylinder configuration outlined in figure 2.4. The lower
specimen is held while the upper specimen, attached to a balance arm, is lowered into
contact using a movable upper crosshead and a connecting spring. The direction of the
cross head is reversed and the adhesive or pull-off force is measured by using the spring to
indicate the load. The system is connected to a linear motion drive which is used in
conjunction with a linear displacement transducer to record the load (accuracy ca. lOpim).
This system is designed to measure the contact resistance of the adhesion junction during
adhesion measurements. It is important to note that this system does not involve intimate
11

contact and as a result other factors affected the adhesion and the adhesive force, e.g.
variations in surface roughness resulted in adhesion values that were smaller than
expected.

Figure 2.5 Pointed sample assembly, with force plates, stop wire and position- sensitive detector.

Pollock et al. [30] also set out with the aims of examining the adhesion between
stiff solids and obtaining values for adhesion from measurements of contact forces under
conditions simple enough to allow for easy analysis. Pollock suggested that this would be
easy enough to achieve if intimate contact at the atomic level could be obtained over as
large as possible a proportion of the apparent contact area or if each experiment involved
only one such contact. Pollock also developed a system, using the same basic principle of
electrical resistance, for use in an ultra high vacuum chamber. Instead of two cylinders a
pointed sample was prepared by an electropolishing technique and welded to a loop of
wire that could be resistively heated to the melting temperature of the sample. Figure 2.5
shows the pivot assembly which is balanced to give a small gravitational torque. The pivot
assembly includes a plate upon which an electrostatic force acted when a high voltage was
applied to one of two pairs of fixed force plates. Thus when the samples are in contact a
range of positive or negative loads could be applied.

This system was capable of

measuring adhesion forces as small as lOOnN and enabled the resistance of small regions
of contact to be measured as a function of positive and negative load.
12

Measurements of the range of surface forces [46, 47] have been made along with
the total load required to separate the surfaces, and these measurements have been applied
to the study of glues, paints and evaporated coatings [48]. There should be no restrictions
on the formation of bonds, however extraneous factors such as the protective action of
films on the surface, surface topography, the degree of flatness and the relative ductility or
brittleness of the contacting bodies can prevent adhesion.
2.2.3

Adhesion Testing of Coatings

A large number of tests have been proposed to characterise the practical adhesion of
coatings. These are essentially divided into two types of tests depending on whether tensile
or shear stresses are generated in the interfacial region. Direct tension, acceleration, and
shock wave tests belong to the tensile group whereas adhesive tape, direct shear, peel and
scratch tests belong to the shear group.
With the pull-off test a normal tensile force is applied to the coating to be
measured using an element bonded by glue, or by solder, to the coating (figure 2.6(i)). The
principal difficulty is mainly related to pulling the element perpendicularly to the interface
without misalignment. The topple test was developed to partially overcome this problem
and uses a different geometry for the bonded element (figure 2.6(ii)) where the force
necessary to detach the coating is now parallel to the sample surface. Another way to
generate tensile stresses in the coating without using mechanical linkage is to subject it to
large accelerations that create inertial forces. Two different methods have been developed
for the acceleration test: (i) an ultracentrifuge test where a coated cylinder is levitated
electromagnetically and rotated at an increasing speed until the coating debonds from the
substrate; and (ii) an ultrasonics test, which generates ultrasonic vibrations In the sample by
means of an electromagnetic or piezoelectric transducer. Adhesion testing of films less than
10 pim thick requires extremely large accelerations which can only be produced by
sophisticated and extremely costly instrumentation. Another tensile method is the shockwave test which uses a compressive shock wave generated by laser pulses in the sample
such that the wave travels from the substrate to the coating perpendicularly to the outer

13

surface. This produces detachment of the coating if the peak value of the shock wave
exceeds the adhesive strength of the coating/substrate bond.

coating
substrate

(i)

Pu!i-off test.

(ii)

Topple test.

Figure 2.6 The arrangements for the (i) pull-off and (ii) topple tests.

In the shear stress category the simplest method is the adhesive tape test. This test
is essentially qualitative in nature with the adhesion characterised either by the area
detached or by the peeling energy and is mainly used as a quality control for weakly
adherent coating. The direct shear test is similar to the direct tensile test except that the
force applied to the bonded element is either exerted linearly and parallel to the surface of
the coating or rotationally by twisting the element. Another shear method, the peel test, is
used widely in the microelectronics industry to measure the adhesion between metallic
films and dielectric substrates. Kim et al. [49] have shown that the measured peel strength
is actually composed of two components : the force required to plastically deform the film
and the decohesive force at the interface.
It appears that all the methods described above are limited either to weakly
adhering coatings, i.e. the adhesion is lower than the bulk resistance of the bonding agent,
or to thick coatings, since the maximum tensile stresses generated in the interfacial region
are proportional to the mass of the coating. A different way to generate stresses at the
interface region of a coating is to scratch its surface by means of a moving indenter. The
principle advantage of this technique is that the intensity of the stresses which can be
14

exerted in the interface region is not limited. In the field of protective and wear-resistant
coatings, the scratch test is being used increasingly to evaluate the mechanical resistance of
the coating-substrate interface (figure 2.7). Essentially the test consists of deforming the
coating-substrate interface by drawing a scratching point across the surface, producing an
elastoplastic deformation of the film-substrate system, until damage occurs in the surface
region. The mechanical resistance of the interface and of the coating is characterised by a
critical load which is the minimum load at which damage due to delamination adhesion can
be observed, this point being representative of the coating's adhesion.
There are two key aspects to the scratch test:

(i) the application of load and

generation of scratch; and (ii) the determination of the critical load. There are a number of
ways in which the load may be applied to the coating. The first method involves a constant
load which is either increased with each traverse or applied in a different position. An
alternative to this method requires a scratching point been drawn over the surface with a
stepwise or continuously increasing load. Identifying the critical load, i.e. the point where
the coating is completely stripped, is of crucial importance. Depending on the coatingsubstrate system to be tested the critical load can be determined using one of three different
methods: by acoustic emission;

by optical or scanning electron microscopy; or by

variations of the normal, tangential and lateral forces applied to the sample. Microscopic
observation not only determines the critical load but also gives essential information about
the mode of failure of the coating: cracking; chipping (cohesive failure); flaking;

or

spalling (adhesive failure). With complex or multiple coatings it may be necessary to use
scanning electron microscopy coupled with energy dispersive analysis of X rays. The
critical load can also be determined during scratching by detecting the acoustic emission
generated by the release of energy internally stored in the strained coated sample.
The development of acoustic emission resonance-type sensors has enabled the
attainment of reliable,

reproducible and operator-independent critical load data.

dimensional force recording of the three forces

Tri

(normal force), Fj (tangential force), and

Fj (lateral force) has also been used to determine the critical load. Although Steinman et al.
[50 - 52] indicated that the influence of the damage on the normal and lateral forces was too
15

small to be used, Sekler et al. [53] concluded that the measurement of the tangential force
could provide complementary information to the acoustic emission detection and/or
microscopic observation. Nevertheless this detection technique is seldom used because
frictional force does not contain exclusive information on the loss of adhesion.

AE

Acoustic Emission
Detector

LOAD

Fig.2.7 Scratch test with acoustic emission detection of the critical load.

The scratch test is the only really viable method of determining the adhesion of
thin hard coatings which adhere well to hard substrates. However, particular care must be
taken in its interpretation. For example Chopra [54] found that the critical loads increased
quite rapidly with increasing coating thickness and with increasing substrate hardness.
Hamersky [55] considered the effect of the stylus radius on the apparent adhesion and
observed that the measured adhesion was only independent of the stylus radius when the
radius was greater than about 0.2 mm. Another difficulty with the scratch test is that it
takes up a significant amount of flat surface area. In Perry's [56] experiments the scratches
were normatly 5-10 mm long with a lateral spacing of normally 1 mm to avoid mutual
interference effects. The measured values of the critical load can vary significantly within a
given system and Perry believed such variations to be real rather than subjective effects of
the test.

2.3

Friction

The importance of friction has long been recognised and has received extensive
investigation in order to understand its mechanisms and the role it plays in tribology. The
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fact that friction forces depend sensitively on the interface structure and that most studies
of friction involve gross contact areas makes the prediction of friction effects an extremely
difficult undertaking.

However there has been significant progress due to increasing

sophistication in the production and characterisation of the crucial interface with a
movement from rather rough interfaces [57] to atomically flat contact areas [58]. There are
two basic groups of phenomena which characterise external friction: the mechanical
phenomena associated with deformation processes; and the adhesion phenomena caused by
the atomic-molecular and intermolecular interaction of the bodies in contact.

The

significance of the actual area of contact is attributed to Holm [59] but it would appear that
the mechanism of friction embodying adhesion gained acceptance subsequent to the work
of Hardy [60] and Tomlinson [61]. These theories led Bowden and Tabor [27] to develop
an approach which is referred to today as the adhesion theory of friction.
Adhesion Theory of Friction

The initial theory used as a starting point the fact that when metal surfaces are loaded
against one another they make contact only at the tips of surface asperities. Because the
real contact area is small the pressure over the contacting asperities is assumed to be high
enough to cause plastic deformation. The plastic flow of the asperity contacts causes an
increase in the area of contact until the real area of contact is just sufficient to support the
load. This simple theory provides an explanation of the two laws of friction : that is
friction is independent of the apparent area of contact; and the friction force is proportional
to the load.
There is no doubt that junction welding can take place during the rubbing of
metals.

For cleaned metal surfaces in high vacuum, very high adhesion and friction

coefficients have been recorded. For metals rubbed in normal atmospheric conditions,
adhesion and transfer of metal fragments have been demonstrated using radioactive tracer
techniques. However, the simple adhesion theory has been criticised for a number of
reasons and it can be shown to be inadequate by a comparison of the absolute values of the
friction coefficient predicted by the simple theory and those found experimentally. This
led Bowden and Tabor to re-examine some of the assumptions in the simple theory and to
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present a modified and more realistic description of friction in terms of adhesion [27], A
second theory was developed which is also based on deformation of asperities but without
using adhesion and is referred to as the “interacting asperity theory”.
Interacting Asperity Theory

Bowden and Tabor failed to take into account that in certain situations adhesion might be
negligible. If no adhesion takes place then the only alternative interaction which results in
a resistance to motion is one in which material must be deformed and displaced in order to
accommodate the relative motion. The first type of interaction is asperity interlocking for
which relative motion takes place between surfaces by displacement of the material of the
asperities. The second type of interaction involves the displacement by ploughing of
material from one surface. This is particularly the case where a hard surface is loaded
against a relatively soft surface. Thus we have only two types of interaction, adhesion and
material displacement, although we will find it convenient to think of the material
displacement as either asperity interlocking or macro-displacement. The development of a
theory based on the plastic interaction of asperities was first introduced by Green [62] and
has been extended by Edwards and Hailing [63].
2.3.1

Friction Measurement

This section does not attempt to present a comprehensive survey of friction measurement
but provides a brief account of some of the available methods.

Any apparatus for

measuring friction must be capable of supplying relative motion between two specimens,
of applying a measurable normal load and have a means of measuring the tangential
resistance to motion. There are a large number of methods available and the final choice
will depend largely on the exact conditions of rubbing contact under investigation. For
example, probably the simplest arrangement is the tilting plane where a specimen is placed
on a flat surface which is gradually tilted until sliding starts. The coefficient of friction is
then tan 0 where 0 is the angle of tilt of the plane.
Where continuous friction measurement is required over a period of time an
alternative approach must be used. Here one specimen, usually a disc or a cylinder, is
driven continuously while a second specimen, nominally stationary, is loaded against it.
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Commonly used combinations are crossed cylinders, pin-on-cylinder, pin-on-disc and disc
on-disc. The loading of the stationary specimen can be by simple dead-weight or, if the
experimental conditions demand it, by some more complicated method such as hydrostatic
or magnetic loading. The measurement of the friction force is usually accomplished by
mounting the nominally stationary specimen such that a very small tangential movement,
proportional to the frictional force, occurs.

This small movement is measured and

recorded. Two typical arrangements, a crossed cylinder and a pin-on-disc, are illustrated
in figures 2.8 and figure 2.9. In each case the specimen is mounted on leaf springs which
allow a small movement in the direction of the friction force. The movement can be
calibrated to give the friction force and is typically measured by a capacitance or
inductance method. The apparatus shown in figure 2.8 is a very simple and convenient
method of measuring friction while figure 2.9 shows a system used for ultra high vacuum
(UHV) and controlled atmosphere tests. Performing friction tests in UHV environments
reduces the effects of contamination which can significantly affect the measured friction.
Similarly Skinner et al. [64] employed the UHV chamber of a scanning electron
microscope for friction measurements as this had the added advantage of allowing
continuous observation of the fine stylus tip, the specimen surface and any deformation
produced during testing. By applying a negative load to a stationary contact the static
friction (pull-off force) could be measured or alternatively the specimen could be traversed
under the stylus at constant load (positive or negative) and the friction measured.

Fig 2.8 Simple crossed cylinder arrangement for measurement of friction and wear.
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Fig 2.9 Schematic diagram of ultra-high vacuum pin-and-disc machine.

Skinner et al. have shown that in certain circumstances continuous sliding under
a negative load is possible due to van der Waals interactions or short-range cohesive
forces. The linear variation of friction force with applied negative load was explained by
nanometre-scale asperities and the slightly larger separation between the asperities giving
rise to the attractive forces. These experiments mainly differ from larger-scale friction
experiments in the abnormally low loads used and in the low vibration conditions of the
experiment. Indeed large loads and vibration are the two main factors thought to be
responsible for the previous lack of direct observation of an attractive force between
sliding bodies. However, such a force will exist in many sliding situations and in some
cases will provide a significant addition to the applied load and this could explain the
increase in friction coefficient observed at low loads or pressures.
Ductility [65, 66] and contamination have a major influence on the co-efficient of
friction of a surface and an explanation of their roles has been developed by Tabor [67].
Others [68] have shown that the actual deformations occurring when metals of similar
hardness slide over one another in clean conditions are more complicated than suggested by
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Tabor’s junction growth method. An increase in the area of contact and the indenting and
grooving of one surface by the other can occur simultaneously. In a series of experiments
Bowden et al. 169] investigated two main themes: firstly, whether the ductility of metals can
be so reduced at low temperatures that their mechanical properties, rather than their
cleanliness, limited their friction behaviour; and secondly, how mechanical properties and
interfacial adhesion affect the deformation of the metal and stress distribution in a friction
junction. Varying the temperature of specimens while keeping them in the same vacuum
enabled the effects of ductility to be separated from those of contamination.
The importance of achieving single asperity contact in the study of micromechanics
has been illustrated by a number of researchers [65-69]. Single asperity contact is usually
presumed for tip-on-flat configurations where the tip radius is of the order of 1-2 pm or
less [64, 70-72]. For clean metal contacts this may well be a valid claim as the forces
acting between two surfaces in close contact are strong enough to plastically deform
asperities measuring only a few atomic dimensions across [73, 74]. Pollock et al [30]
were the first to investigate the experimental evidence for continuous contact over an
entire tip of several hundred nanometers radius.

2.4

Hardness

While hardness is essentially only concerned with the resistance to deformation it has
considerable importance in the area of material testing.

The testing of a material's

hardness provides information on its wear properties as well as details on its strength
(modulus of elasticity). A number of conventional tests based on indentation have been
developed for testing at the macro level. These include Brinell [75], Meyer [76], Vickers
[77], Rockwell [78] and Knoop [79] hardness tests with the Knoop test being the first real
attempt to design a test specifically for microindentation.

On relatively thin coatings

conventional systems are ineffective if the indent is so deep that the substrate influences
the hardness.
The principal techniques for mechanical characterisation at submicrometre depths
include the following: scratch hardness testing; the measurement of the distribution and
'TV
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movement of dislocations as a function of applied load; in situ indentation in a scanning
electron microscope which is used to measure the indent diameter; and microindentation
with continuous recording of penetration depth as a function of load or of time.
Scratch Test
The earliest attempt at evaluating surface hardness was scratching one material with
another. Mohr [80] later adopted this technique and provided a table, the Mohr’s hardness
scale, which enabled comparisons of the relative hardness of materials. This table ranks
materials in order of hardness with diamond, the hardest of all, at the head of the list (10)
and talc (1) at the foot. As any material in the list would scratch any substance ranked
below it, the hardness of any ‘unknown’ substance could be related to the scale by finding
which substances would or would not scratch it.
However recent developments of the scratch test have made quantifying hardness
more accurate. These tests involve lowering a weighted needle gently on to the surface of
the sample. By moving the sample under the needle the weight is made to move over the
sample. The weight required to produce the first visible scratch is then a measure of the
hardness. Two techniques for scratch hardness have been developed which provide a
quantitative measure of the hardness and provide additional information on the mechanical
properties of the surface. The first technique is an in situ scanning electron microscope
(SEM) scratch test where successive scratches are produced at different loads and then
observed. The load at which the scratch is initiated gives a measure of the hardness. The
second technique monitors the load required to produce a scratch at a fixed depth.
Bates et al. [81] designed and used an in situ scratch test apparatus to perform
single-pass scratch tests in a SEM using a diamond tip of diameter 25 p,m with a
hemispherical shape and a 75° included angle.

This unit also had the capability of

measuring the normal and transverse loadings. Prasad and Kosel [82] also developed an
instrument based on an in situ SEM scratch test and the apparatus used is illustrated
schematically in figure 2.10. The major components of this system are: a positioning stage
for the scratch tool; flexible beam loading arm to measure both the normal and tangential
(frictional forces) components of the load; and the scratch tool. The positioning stage was
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attached to an existing port cover of an ISI-60A SEM and a bellows separated the
micromanipulators from the vacuum of the microscope column. The main section of the
load arm, modelled on Bates et al. [81], has two sets of strain gauges glued to thin vanes
on the arm. Application of the load was achieved by moving the specimen upwards, using
the SEM stage motions, until the desired load was reached as determined by the strain
gauges. The scratch was made by translating the specimen, which was tilted at 45 degrees,
using the same SEM stage motion. A dual-pen chart recorder recorded the load and
tangential force simultaneously.

Figure 2.10 Schematic drawing of the in situ scratch test apparatus.

Prasad and Kosel [83] developed the fixed-depth scratch test apparatus shown in
schematically in figure 2.11. The scratch tool, an irregular abrasive particle, is mounted
at the end of the central arm while the majority of the applied load is supported by the two
outer load arms. The specimen is mounted on a special stage which accurately maintains
the specimen surface parallel to the horizontal direction of travel of the specimen stage
which is translated manually to make the scratch.

It simulates fixed-depth abrasion

conditions because when the tool comes into contact with a large carbide particle it tries to
deflect upward over it. This raises the rest of the loading head so that the normal load on
the tool increases sharply. This test system includes a strain gauge on the central load arm,
which allows measurement of the tangential force on the tool. The scratch-hardness test is
not widely used when compared with the indentation hardness test.
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Figure 2.11 Schematic drawing of the fixed depth scratch test apparatus developed by Parsed and
Kosel [83].

Indentation Tests

Indentation techniques are the most common methods of conventional testing of hardness
and they have resulted in a large amount of accumulated knowledge. This has been
extrapolated downwards into microhardness testing with Vickers [77] and Knoop [79]
being the two most widely used microhardness techniques. The development of the
Knoop [79] indenter by the National Bureau of Standards and the introduction of the
Tukon tester for the controlled application of loads down to 25g have made microhardness
testing a routine laboratory procedure. The Knoop indenter is a diamond ground to a
pyramidal shape that produces a diamond-shaped indentation with the long and short
diagonals in the approximate ratio of 7:1. The special shape of the Knoop indenter makes
it possible to place indentations closer together than the square Vickers indentation which
is valuable for measuring steep hardness gradients. Its other advantage is that for a given
long diagonal length the depth and area of the Knoop indentation are only about 15 percent
of what they would be for a Vickers indentation of the same diagonal length. This is
particularly useful when measuring the hardness of a thin layer (such as an electroplated
layer).
The Knoop hardness number (KHN) is the applied load divided by the projected
area of the indentation. Disadvantages are the metallographic polishing usually required
(which may produce work hardening) and the elastic recovery that may occur at light loads
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(resulting in an increased Knoop hardness number). However with the correction
suggested by Trasov and Thibault [84] the Knoop hardness number is constant for loads
down to lOOg. Since Knoop hardness number scales directly with applied load, the
smaller the load the more serious the small errors become. Vickers microhardness however
has a greater depth to diagonal length ratio making it more suitable for light loads.
The Vickers test [77], depending on the application, has advantage over the
Knoop indenter geometry and resulting indentation. The symmetrical configuration of
Vickers indenter makes it more suitable for use on small particles. The greater ratio of the
depth to diagonal length of the Vickers indentation also makes it more suitable for use at
very low loads because elastic recovery is not likely to affect the hardness measurement as
significantly as it would the Knoop indenter geometry. Vickers hardness numbers are
therefore more load independent than Knoop hardness numbers [85-87].
Errors in measuring the indentation can cause major inaccuracies in the hardness
number. When performing an indentation test a number of issues must be considered, for
example vibration, overshoot and human error, in order to obtain a correct hardness value.
To overcome this problem it would be necessary to remove the operator from the loop and
replace him with a single value from a machine. Using the depth of penetration technique
for measuring the hardness removes the need for subjective judgement.
Depth of Penetration

This last technique [88, 89] is a development of earlier work including continuous
recording at greater depths [90] or single-value measurements [91].

The data obtained

through controlled indentation of materials can be divided into two components. The first
component is the loading data, which is usually influenced by the plastic properties,
whereas the unloading component is influenced by the elastic properties. However there is
not a clear separation of these elastic and plastic properties and overlap must be
considered. When performing a hardness test the data from the loading portion is used to
determine the hardness number. This can be done either by obtaining the diameter of the
indent after loading or as a function of depth during the loading cycle. This relationship
between hardness and depth and the relative ease with which it can be obtained, combined
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with the additional information obtained from the unloading cycle regarding elastic
recovery, has made it a valuable technique.

Figure 2.12 Schematic diagram of equipment: (A) dilation system; (B) Vickers indenter; (C)
specimen; (D) displacement transducer; (E) load transducer.

Newey et al. [88] were the first to show that hardness values obtained using depth
of penetration could agree with the values obtained by optical measurement of indent
diameter at large depths, i.e. to within 10 to 20%. Pollock et al. [92] also designed a
system based on depth of penetration, similar to Newry et al. [88], except that an optical
microscope identified an area of interest and a computer-controlled three axis (X-Y-Z)
system moved it to the test location. This system also had the ability to perform scratch
hardness tests with measurement of frictional force. The indentation depth is measured
with a capacitor bridge arrangement which can move to new positions with the help of
piezoelectrically controlled movement. Loads of between 10 jjN and 30 mN were applied
to the three-faced pyramidal diamond indenter for which a 90° angle between edges was
chosen. A sharp indenter was used because it gives more consistent results for rough
surfaces [93]. The resolution of the depth measurement was estimated to be better than 1
nm, but specimen roughness and vibration in particular tend to limit the accuracy with
which the moment of contact can be identified. Several plots of depth as a function of
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increasing load are obtained on different points on the specimen surface keeping the
loading rate the same for each plot. A different maximum load was used for each plot, in
order to obtain a series of loading-unloading curves whose hysteresis areas corresponded
to the plastic work performed on the specimen. From these curves it was possible to
determine a hardness value close to classical optical hardness values.
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Figure 2.13 (i) Indentation of 52100 hardened steel, (ii) Indentation of aluminium
Note : (a) loading (b) unloading.

Loubet et al. [94] developed an instrument to obtain Vickers indentation curves
of elastoplastic materials and obtained from these curves a value for the hardness. Figure
2.12 shows a schematic diagram of the equipment used. The Vickers indenter B penetrates
specimen C to a controlled depth.

During the test, distance aP stays constant while

distance ay increases linearly with time by means of the dilatation of frame A. The
indentation depth is measured by an induction coil transducer, D, which monitors the
distance between the indenter and the surface of the specimen. The maximum normal
load, P, varies from 0.5 to 20 N with a resolution of 10'^ N. The maximum penetration
depth, h, is 40 }im with a resolution of displacement of 4 x 10'^//m. The Vickers indenter
used is a square-based pyramid with a 136° angle between opposing faces.

The

experimental Vickers indentation curves are similar to those in figure 2.13(i) and (ii).
Parts AB and BC are called respectively the “loading curve” and the “unloading curve”.
Point A corresponds to the first contact between the Vickers pyramid and the specimen
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surface. Point B is the maximum load and penetration reached. Point C corresponds to the
last contact between the indenter and the specimen. P^ax

^^e maximum load of the test,

hj is the maximum penetration depth (length AD) of the pyramid and hj^ is the remnant
depth of the indentation (length AC).

From the tangent to the unloading curve it is

possible to determine the distance h^ (length AC’). The latter is very useful for the
determination of Young’s Modulus.
Discussion
Because the scratch technique more closely resembles the working environment and
mechanism of wear rather than those of hardness, scratch hardness can give valuable
information on the modes of wear.

However, the complexity involved in obtaining a

single value for hardness has limited its application as a test instrument. The two other
techniques for hardness measurement, indentation and depth of penetration, have been
widely accepted.
One of the problems common to both indentation and depth of penetration is the
issue of vibration. Vibrations from external sources can cause the indenter to oscillate
during a microindentation test leading to overly large impressions and thus lower the
apparent hardness. This effect is accentuated at very light loads [95] and consequently at
light loads and shallow depths the system should be vibration isolated. This can be
sophisticated [89] or relatively simple like Brookes [96] who used a stack of newspapers
resting on an inner tube. There are inherent advantages and disadvantages to both these
techniques. The depth of penetration technique has the major advantage over indentation
of easy automation.
The accuracy of measurement of the indentation and the difficulty in identifying
the true edge (i.e. subjective decision of human operators [97]) may result in inaccuracies
in the region of 10%. However the use of displacement measurements to calculate the
contact area has the advantage that no imaging is required, the hardness being obtained
from an indent as a function of depth. The fact that the depth sensing technique is very
sensitive to small displacement and can be easily automated has reduced the risk of error
thereby resulting in shallower depths and smaller deformed volumes.
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Other factors may also contribute to a deviation from the true hardness. In the
case of indentation, these are material characteristics such as the amount of pileup or
sinking around the indent and the amount of elastic recovery. As mentioned previously
most materials on loading have plastic and elastic components which will result in a
certain amount of elastic recovery during indentation.

The amount .of this elastic

accommodation is important when calculating the contact area. This recovery may occur
through shape changes of the indent or by an elastic field beyond the borders of the indent.
Unlike the imaging method the depth of penetration method can be used to determine the
amount of elastic recovery that has occurred. Stilwel and Tabor [98] used the elastic
solution for a rigid cone contacting a flat elastic body to investigate this and came to the
conclusion that 36% of the recovery was outside the indent with the balance being due to
changes in the shape of the indent. If the entire elastic recovery was due to changes in the
shape of the indent then the depth under load could be used to calculate the contact area.
However, if the recovery was entirely due to a general motion of the area surrounding the
indent then the depth under load minus the recovered depth or the residual depth would
give the best approximation of the contact area. The importance of pileup is questionable
as Bergsman [99] has shown that when pileup is removed and the indentation reloaded the
resulting increase in penetration was very small.
The most important disadvantage of the depth-sensing technique is that the depth
measured must be squared to calculate the hardness and any error in depth measurement is
significant. This is not usually a problem if the depth-sensing system is sensitive enough.
To calculate the hardness from the depth, the geometry of the indenter must be known to
the accuracy required for the depth of interest. This is difficult if one desires to get results
from indents that are tens of nanometres deep. The depth-measuring technique is very
efficient but must be properly calibrated i.e. the indenter shape must be determined. Early
work in the area of the depth or load dependence of microhardness was confused by
experimental errors in the load applied and the area measured [95]. Once these problems
were realised the resolution of the optical microscope became the fundamental limit to the
range of depths that could be sampled.
29

While Vickers and Knoop methods have been developed for micro-indentation
techniques, the development of ultra-thin films has necessitated the development of smaller
scale techniques capable of determining the properties of the coating without the influence of
substrates. A practical example of these thin coatings is the reliability of 20-40 nm thick
protective overcoats on magnetic disks. The static indentation test is probably the most
convenient method to measure the mechanical strength of the protective overcoat. For a
harder film on a softer substrate, the indentation depth should be less than about 20% of the
film thickness in order to eliminate the substrate effect [100]. Hence, an indentation test on
the protective overcoat requires limiting the depth of the indentation to about 5-10 nm. The
corresponding indentation area at the surface is less than 1000 nm^ which is beyond the
resolution of an optical microscope. It would be impossible to locate the indentation with a
microscope after the indentation load has been removed and harder still to measure the area.
Bhushan [101] carried out a comprehensive review of depth-sensing instruments as these
techniques overcome this difficulty. However the fact that no indenter has a perfect point tip
means that the indentation area cannot be calculated from the indentation depth [102, 103].
Another difficulty is that the smallest indentation depth obtained by using depth-sensing
instruments is about 20 nm.

2.5

Wear

Wear can be described as either the surface disintegration of materials or the variation in
the shape of the surface of a body which occurs as a result of the mechanical contact of
two surfaces. In most situations the wear process may be defined as the loss of material
from the interface of two bodies when they are subjected to relative motion under load.
When discussing wear it is important to note that a relationship exists between friction and
wear and that friction has a direct influence on the amount of wear that occurs. The life of
rubbing parts is usually far more important in the successful functioning of a piece of
machinery than the frictional losses. There are a wide variety of processes that produce
different modes of wear, the four most common modes being adhesive, abrasive, fatigue,
and fretting.
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Adhesive wear is attributed to adhesion (i.e. metallic bonds [104-107], etc.) at the
regions of rubbing contact and the shear force required to break the interfacial junctions,
the latter being related to frictional force [26]. This interfacial bond can be greatly
strengthened by temperatures generated by the sliding process. If adhesive bonds have to
be broken for sliding to occur the chances are high that material will be plucked out of the
softer surface, or occasionally the harder material [26] due to flaws. This debris can be
abraded or get caught up in the sliding mechanism and can itself produce an additional
wear hazard. Clearly adhesive wear is most severe under unlubricated conditions.
Adhesive wear can vary by a very large factor depending on the materials involved.
Abrasive wear occurs if a hard particle cuts or grooves one of the rubbing surfaces
as its sharp edges will act as a miniature cutting tool. There is a large amount of literature
on the abrasion of metals [108-115]. One of the miajor factors in wear arises from the
fatigue of surface layers [116, 117]. This is similar to adhesive wear except several
traverses of the same portion of the surface may be required before a fragment is finally
detached [118] with local failure being initiated at surface or sub-surface flaws. Suh et al.
has examined this mode but has referred to it as 'delamination' [119, 120]. More recent
work in the United States by Westwood [121] and his colleagues supports the view that
certain environments can facilitate crack propagation in certain types of materials.
Fretting is defined as a wear process occurring between two surfaces having
oscillatory relative motion of small amplitude. There is now a body of knowledge on the
situation where relative slip of small amplitude occurs between two surfaces [122]. There
is a wide range of other wear modes, e.g. cavitation wear, but they are not as prevalent as
the above four.
2.5.1

Conventional Wear Test Techniques

In the evaluation of wear properties of a surface there are two essential aspects: the
simulation or production of the wear process and the observation and quantification of the
process. While there are hundreds of different wear test machines, they can be reduced to
a small number of differing basic geometries that are characterised by the motion used:
unidirectional sliding; reciprocating sliding; combined rolling and sliding; and pure rolling.
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Unidirectional machines include pin-on-disc, block-on-ring, ring-on-ring, pin-on-plate and
crossed cylinder. Machines of these types have simple specimen designs that are easy and
cheap to manufacture. A major advantage is the ability to cover wide load and speed
ranges to enable a material's performance to be evaluated for a wide range of conditions.
Some of the machines designed for the study of friction are ideally suited for wear
studies and have been used for this purpose. A system which has its origins in friction
studies is a disc machine where one disc supported on a swinging device under load is
made to rotate against another disc carried on a rigid bearing. The latter is normally used to
simulate studies of gear design.

The pin-on-disc machine is a popular wear testing

apparatus (Fig. 2.14) where the pin is loaded normally. The variables are normal load,
sliding velocity, atmosphere and the temperature of the environment. The amount of wear
can be established by weighing the pin with a micro-balance. A complete wear test
involves plotting weight loss against sliding intervals to obtain running-in wear and steady
state wear. It is important to work under chemically clean conditions and the method is
tedious. The crossed cylinder configuration, similar to the adhesion setup, is also used
for wear experiments. The wear scar on the cylindrical pin is elliptical and the minor and
major axes are measured with a microscope to determine the wear volume.
The interaction between surfaces in contact during motion usually leaves
permanent witness on the surface in the form of plastic deformation, transferred films and
wear. Therefore surface topography is of importance to the tribologist for two reasons:
firstly, the original structure influences the interaction and secondly, the modification to
the surface caused by the interaction can provide information about the processes which
have occurred.
This led to an alternative method which examined the topography and is based on
the pin-on-disc technique, (figure 2.14). In this method a conical pin mounted on a hinged
load bar makes contact with the surface as it rotates around. After stopping the machine,
the load bar is swung over by 180° and the diameter of the wear scar is noted so that,
knowing the angle of the cone, the volume loss can be calculated. There are three possible
techniques for examining the modifications produced as a result of the wear process.
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These are multiple-beam interferometry (MBI), scanning electron microscopy (SEM) and
profilometry.

Only SEM and profilometry will be considered as MBI requires a

transparent surface.

Prasad et al [83] conducted in situ SEM scratch tests in order to

cope with situations where there was little observable damage [123]. Quartz abrasive
particles of approximately 300 pm diameter were attached to a small conical stainless steel
pin and used as scratch tools. The tool was sputtered with gold prior to in situ scratch
testing in order to prevent charging.

The gold layer on the portion of the particle

contacting the specimen is removed during the first one or two scratches. The use of
individual abrasive particles as scratch tools was based on the work of Shetty and co
workers [124, 125]. These particles provide a realistic simulation of material removal
mechanisms whereas tools of idealised shape and hardness often produce features that are
different from those found on abraded surfaces. Linear scratches were made at the desired
loads on the specimen surface with the help of the transitional motion of the specimen
stage of the microscope. Multiple linear passes over a given carbide particle were made by
lifting the tool and returning it to the same starting position. After a number of passes the
system was unloaded, the scratch tool was lifted from the field of view and selected
portions of the carbide particle were viewed and photographed at higher magnification.

Fig. 2.14 Loading bar (1) disc; (2)Pin; (3) Load Bar swung through 180 degrees to measure wear scar
by microscope (5).
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SEM is much easier to use, has high resolution and is very versatile but it is
essentially a qualitative technique for the assessment of surface topography.

Surface

prolifometry offers a better solution to the problem of wear assessment as it provides a means
to quantitatively assessing the surface of a component. It also allows statistical parameters to
be employed and provides valuable knowledge on the surface roughness before and after the
wear process. Profilometry is widely used despite its limitation to a two-dimensional sample
of a three-dimensional surface. The two-dimensional limitation may be overcome by adding
transverse motion perpendicular to the stylus traverse [126] which in turn can be fully
automated under computer control [127]. This added motion provides a versatile, accurate
instrument which is relatively easy to use in most cases. George et al. [128] used a scanning
profilometer to provide both an image of the scratch and to perform quantitative
measurements of the wear rate. This scanning profilometer system was used for surface
visualisation and for the acquisition of surface statistical parameters. Visualisation involves
presenting the data graphically, usually as a three-dimensional contour plot or as an isometric
plot. These plots are more useful because it is immediately possible to recognise a true
"summit", whereas a peak on a single trace might only represent a ridge on the surface. The
extent and dimensions of surface features such as wear or corrosion damage, gross plastic
deformation, asperity flattening, material transfer, etc. may also be assessed.
Surface visualisation provides a quantitative estimation of damage as well as
distinguishing between damage modes such as wear and plastic deformation. This system
permits the volume of wear scars to be automatically measured. It has several advantages
over conventional manual methods involving repeated traces: (i) user judgement of what
constitutes the unworn region is eliminated; (ii) many more traces can be .gathered and
analysed at high resolution, making results statistically more accurate; (iii) it is far quicker
and less tedious; (iv) by automatically indicating on a plot the actual datum area it is
possible to ensure that a sensible measurement has been made.
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CHAPTER THREE

SCANNED PROBE TECHNIQUES AND THEIR APPLICATION TO
MATERIAL TESTING

3.1

Introduction

In 1981 Binnig and Rohrer [129] invented scanning tunnelling microscopy (STM). In
STM a tunnelling current is used as the probe for mapping the topographical and electrical
properties of a surface. However this technique is limited by the need for the tunnelling
current and all non-conductors and most semi-conductors cannot be imaged.

The

development of the scanning force microscope (SFM) [130], or atomic force microscope
(AFM) as it is also known, in 1986 overcame this limitation of the STM and allowed both
electrically insulating and conducting specimens to be imaged. Subsequently many other
scanning probe microscopes have been developed such as the magnetic force microscope,
electrostatic force microscope and thermal microscope. In addition to their historical links,
the STM and other scanning probe microscopies (SPMs) share two other common aspects.
Firstly, their near field operation overcomes the spatial resolution limitations of far field
techniques. For example, the resolution of far-field optical microscopes is limited by the
fact that they become diffraction limited and objects smaller than half the wavelength of
light are obscured.

Secondly, they share the same basic operating principles and

technologies.
Figure 3.1 shows the schematic structure common to all scanning probe
microscopes. The key features comprise:
•

the probe

•

the Z actuator

•

the feedback loop

•

the XY scan motion

•

the image display system
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Figure 3.1 The basic structure of a scanning probe microscope (SPM).

The key feature of all SPM systems is the near-field probe which determines both the
resolution of the instrument and the surface characteristic that is measured. This can vary
from the sharp conducting tip of the scanning tunnelling microscope to the heated
temperature probe of the thermal microscope. The Z actuator moves the probe vertically
in conjunction with the feedback loop to follow the surface topography which is then
manipulated and displayed using software techniques on a computer monitor. Another
feature common to SPM systems is the XY movement of the sample or probe used to scan
various areas of the sample.

The XYZ movements which are accomplished using

piezoelectric actuators are capable of sub-atomic resolution.
While the above features are common to all SPMs it must be noted that there are
additional requirements which are not illustrated in figure 3.1. These include:
•

a method for the coarse approach of the probe to the sample

•

a sensing system to monitor the position of the probe relative to the sample

•

vibration isolation
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The two members of the SPM family with the largest range of applications are the
scanning force microscope (SFM) and scanning tunnelling microscope (STM).
3.2

Scanning Force Microscope (SFM)

In the SFM images are obtained by measuring the force acting on the cantilever. This
force arises when a sample is brought sufficiently close to a sensing tip attached to a soft
cantilever spring that the interactive forces bend the cantilever. The basic principle of the
scanning force microscope is outlined in figure 3.2.

The scanning force microscope

essentially consists of a cantilever sensor which responds to a force and a position
sensitive detector which measures the sensor response. The cantilever, which has an
effective spring constant k, moves in accordance with the force acting on the tip. The
detector measures the cantilever position which can then be used to determine the force on
the tip by using Hooke’s Law, F = - kz, where z is the cantilever displacement. The tip is
moved sideways and it follows the contours of the specimen producing a map or image of
the specimen’s surface.

Figure 3.2 The basic outline of the scanning force microscope.
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3.3

Key Aspects of SPM Techniques

The key aspects common to SPM techniques are:
•

piezoelectric actuators

•

coarse approach methods

•

open/ closed loop control

•

scanned sample/ scanned probe designs
imaging modes

Piezoelectric Actuators

In general SPM systems use the same actuator(s) to provide the XY scanning motion of
the sample and the fine Z approach at the sub-atomic dimensional level. Piezoelectric
actuators provides these requirements. The nature of a piezoelectric ceramic is such that it
undergoes a dimensional change when an electrical voltage is applied. The conversion of
this electrical energy into mechanical motion takes place without the generation of any
magnetic field or the need for moving electrical contacts.
Advances in ceramic technology has led to the development of polycrystalline
ceramic materials such as barium titanate and lead zirconium titanate (PZT), the latter's
popularity has led to the acronym "PZT" being adopted for all piezoelectric materials
regardless of composition. Piezoelectric ceramics must undergo a special procedure for
the piezoelectric phenomenon to occur. For each material there is a characteristic Curie
temperature above which the electric dipoles inside the material exist in a random
orientation. If a strong electric field is applied when the material is above its Curie
temperature the dipoles will then become aligned in the direction of the field. Partial
alignment will remain on removal of the field provided the material has been cooled well
below its Curie temperature. When the ceramic in this state is subjected to a small electric
field the dipoles align to produce a macroscopic expansion along the poling axis and a
corresponding perpendicular contraction. Ceramic piezoelectric materials can be formed
into a wide variety of shapes and sizes by modem ceramic processing techniques. The
application of the electrodes can also be chosen to provide poling in a given direction.
Typical configurations for PZT actuators include disks, plates, rings, and tubes.
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Actuators based on piezoelectric ceramics have a number of advantages that
include: the unique property of high resolution positioning; dimensional changes that are
proportional to the applied voltage; and in principle infinite resolution. Furthermore they
can operate over a large number of cycles without wear or deterioration and have a very
high speed of response that is limited only by the inertia of the object being moved and the
output capability of the electronic driver. Additionally there is the advantage that virtually
no power is consumed or heat generated to maintain a piezoelectric actuator in the
energised state.
Nonetheless there are inherent disadvantages in the use of PZT actuators that arise
from the nature of the ceramic material. The major difficulty with PZT materials is that
they suffer a number of problems which affect their performance when operating in SPM
systems. A feature of all piezoelectric ceramics is that they exhibit hysteresis, i.e. there is
a difference in the strain that accompanies a particular voltage when it is approached from
a lower voltage and from a higher voltage. Another difficulty which is indirectly linked to
this is that PZTs are non-linear, in other words the relationship between the applied
voltage and strain is not truly linear. There are also secondary issues which may affect the
performance of the PZTs and these include :
Creep

this is a short term stabilisation that takes place
following a change in voltage

Compliance

this is the elasticity or compliance that results in
dimensional changes when stress is applied

Thermal properties

PZT materials should operate well below their Curie
temperature for the poling to remain stable

Extension under load

the extension capabilities of the PZT will not really
be affected as long as the load remains constant

Ageing Rate

the poling process in PZT ceramics is susceptible to
ageing or the loss of piezoelectric sensitivity with
time

While there are many possible configurations for PZT actuators there are only
two configurations of interest with respect to SPM systems. The two configurations are
(a) the tripod arrangement and (b) the tube scanner shown in figure 3.3. Both of these
configurations can be used to perform the fine Z approach and the XY scanning motion.
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(a) Tripod Arrangement

(b)

Tube Scanner Arrangement

Figure 3.3 The two PZT arrangements that are generally used in SPMs.

The tripod arrangement, figure 3.3(a), is usually constructed from stacks of plate
PZTs which are glued together although monolithic PZTs have been successfully used.
The X, Y and Z displacements are achieved using individual actuators. The tube scanner,
figure 3.3(b), is a PZT tube whose outer cylindrical electrode has been segmented
lengthwise into four quadrants.

A voltage is applied to the inner cylindrical electrode

causing it to expand or contract in the vertical direction. In order to produce the scan
motion in the X and Y directions the four quadrants are used. Consider a positive voltage
applied to one of the quadrants in the Y direction while a corresponding negative voltage
is applied to the opposite quadrant. This results in one side expanding while the other
side contracts thereby causing the PZT tube to bend in the Y direction. Inverting the
polarities will invert the direction of bending. A similar procedure using the other pair of
quadrants causes the tube to bend in the X direction.
The tripod arrangement has the advantage that it does not suffer from hysteresis
and non-linearity to the same extent as the tube scanner. The tube scanner does have a
number of advantages over the tripod arrangement. The fact that one component can be
used to perform all the operations results in a more compact arrangement. The tube
scanner also has the advantages of less vibration, greater speeds of response, less thermal
affects, less cross-talk, larger displacements and higher resonance frequencies.
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Coarse Approach
The coarse approach must have a sufficient range of movement to accommodate the large
distances that separate the sample and probe.

A number of techniques have been

developed to achieve this and include the louse or walker system [131], the inchworm
[132], micrometer positioners [133],
approach [135], and levers [136].

the Besocke beetle design [134], stepper motor
These techniques have various advantages and

disadvantages and their selection will depend on the overall design and application. The
coarse approach is not independent of the fine approach mechanism as they are both used
by sequencing their operations. For example the typical procedure for a system that uses a
tube scanner in conjunction with any coarse approach mechanism is
•

The piezo tube has a voltage applied to contract it fully, the coarse approach
increments one step and the piezo tube expands.

•

If no contact is detected then the piezo tube is contracted and the coarse approach is
incremented another step, at which stage the above process is repeated.

•

This is continued until the desired contact is reached.

Clearly the resolution of the coarse approach should be at least half the range of the Z
component of the PZT. It must be noted that increased resolution of the coarse approach
mechanism results in a more centralised position for the Z actuator of the piezo and this
will have consequences for the dynamic range in Z of the SPM.
Open!Closed Loop Control
When operating in closed loop the feedback loop monitors the output from the probe and
compares this value with a reference signal, as illustrated by the simplified block diagram
in figure 3.1. This comparison is made by a three term PID controller which then uses
proportional and/or integral and/or derivative actions to make the output correspond to the
reference signal. As shown in figure 3.1 the signal for this corrective action also provides
the signal to the computer for displaying the information. A more detailed schematic of
the closed loop operation (i.e. feedback loop) for a scanning force microscope is presented
in figure 3.4(a) while figure 3.4(b) shows the corresponding open loop operation of the
same instrument.
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Figure 3.4 Block diagrams for (a) closed loop and (b) open loop SFM operation.

The fundamental difference between the two modes is that in open loop operation
there is no way to ensure that the output from the probe is the same as the reference signal.
This mode of operation is not practical in the majority of SPMs because the lack of control
of the probe may result in the probe crashing into the surface. The only real exception to
this is the scanning force microscope (SFM) which can operate in either mode, as shown
in figure 3.4. In the open and closed loop modes the detection principle is the same, i.e. a
laser beam reflects off the back of cantilever and onto the position sensitive bi-diode. The
difference in the two modes occurs at the output of the bi-diode which provides two
signals A and B from each of two segments. Normally this is a quad diode with the
quadrants arranged to provide two separate bi-diode channels of which only one is shown
here.

In open loop operation these signals pass through an amplifier and on to the

computer which uses the information to display a three dimensional representation of the
surface. However in the closed loop case the A and B signals from the bi-diode pass
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through a differential amplifier and into the PID controller. The controller provides a
corrective signal to the Z piezo driver which adjusts the position of the sample via the tube
scanner. The movement of the sample changes the deflection on the cantilever and this
continues until the deflection corresponds to the reference value.
In open loop operation the feedback loop does not limit the performance or range of
measurements that the instrument can make. Instead the Z motion of the PZT is the
limiting factor. However this mode of operation means that there is no control over the
deflection of the cantilever and hence there is no control of the forces exerted by the tip.
This may result in damage to the sample or tip depending on the force exerted.
Scanned Samples/Scanned Probe Designs

The schematics of figure 3.1 and figure 3.4, illustrate the scanned probe and scanned
sample SFM designs. Figure 3.1 shows the general layout for a scanned probe design
where the probe scans over the surface of a stationary sample using the X and Y piezo
actuators which are controlled by the computer. The Z motion of the tripod arrangement
is used to adjust the position of the probe via the feedback loop in order to maintain a
constant output. This design is especially relevant to the operation of STM but is difficult
to implement in other SPM techniques due to design considerations. An example of this is
the SFM where the techniques used to detect the cantilever deflection are bulky and are
therefore difficult to scan. Nevertheless the major SFM manufacturers offer such versions
for large sample applications.
The majority of SFMs in use are based on the scanned sample design and the
basic arrangement of this system is shown in figure 3.4.

In this setup the sample is

mounted on a piezo tube scanner. While this design is easier to implement in relation to
SFMs it does have the disadvantage of limiting the size of the sample. There are two
considerations in relation to this issue,

the first being that large samples cannot be

mounted because of their dimensions. The second consideration is that the weight of the
sample may affect the performance of the piezo, i.e. for a given voltage the piezo will not
bend the same amount when different sample weights are attached.
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3.4

Application to Material Testing

3.4.1

Topography Measurement

Stylus profilometers suffer from the fact that all stylus methods inevitably produce some
"smoothing" of the profile due to the finite dimensions of the stylus tip. In the case of
conventional profilometry the diamond styli used are pyramidal or conical with minimum
included angles of about 60° and tip radii of 1 to 2.5 |im being used for reasons of
strength. Special styli, with chisel edges and minimum tip radii as small as 0.1 pm, can be
used to examine very fine surface details whereas a conventional stylus would be too
blunt. However despite this the finite size clearly precludes it from complete penetration
of all the valleys and thus their recorded shape will often appear narrower and shallower
than their actual shape. A further error is introduced in examining very compliant or
delicate surfaces by stylus methods in that the load on the stylus, although small, may
nevertheless elastically distort or permanently damage the surface and this provided the
main impetus for the development of non contact profilometers. However these too have
limitations in relation to the lateral dimensions that can be detected due to limitations on
spot size.
However the use of the SFM provides a surface sensor which either operates in
either a non contact mode or a contact mode and where the forces exerted can be
controlled, thereby providing a reliable surface measuring instrument which meets the
requirement for non-scratch measurement of soft metals, thin films, or silicon wafers.
SPM systems have also provided the impetus for a change in the method of characterising
the topography by moving away from the 2 dimensional surface roughness parameters to 3
dimensional parameters and images. The third profound effect that the SFM has had is the
improvement in the resolution limit as it is now possible to measure roughness not only at
the micrometre and nanometre level but even down as far as the atomic level. Due to the
multiscale nature of surfaces and their different wavelengths content it is found that
surface height and other roughness parameters depend strongly on the resolution of the
roughness measuring instrument and hence are not unique for a surface. Therefore, it is
important to realise that the measured roughness profile is dependent on not just the
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vertical resolution but also the lateral resolution of the measuring instrument. The major
advantage of SPM instruments over other mechanical or optical based profilers is that
these systems are capable of atomic resolution and are not restricted in terms of their
lateral resolutions.
A number of reviews have been carried out to assess the performance of SFM
systems in relation to conventional profilometers. Bennett et al. [137] compared the
application of SFM to examining the roughness of extremely smooth optical surfaces, i.e.
fused silica , sapphire and silicon carbide with one of the best mechanical profilers [138,
139]. Measurements made using a NanoScope SFM and a Talystep surface profiler are
shown in table 3.2.

In the case of the Talystep the surfaces are so smooth that the

instrumental noise, equivalent to 0.05 nm root mean square (rms) roughness, had to be
removed from the measurements. The profiles of the surfaces made with the Talystep
instrument showed a barely perceptible waviness with no fine structure on the order of the
lateral resolution of the instrument, 0.1-0.2 jim. In comparision the NanoScope SFM
topographic maps of the surfaces showed that the rms values were higher than those in the
mechanical system. This difference was attributed to the fact that probe of the Talystep
instrument could not detect features smaller than 0.1pm and could not penetrate
completely into cracks to obtain the true profile. This was evident with silicon carbide
where tiny scratches remaining from the polishing process were too narrow to be detected
by a mechanical or optical profiler.
Material

Scanning Force
Microscope

Area

Talystep
Surface Profiler*

Profile Length

Fused Silica

1.2 pm rms

0.15 X 0.15 pm

0.039 nm rms

200 pm

Sapphire,
single crystal

1.8 pm rms

3x3 pm

0.037 nm rms

50 pm

8.5 pm rms
Silicon
Carbide
* 1 mm Stylus Radius
1 mg Stylus Loading

5x5 pm

0.077 nm rms

100 pm

Values corrected for 0.05 nm rms instrumental noise

Table 3.2 : Roughness measurements on supersmooth surfaces
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Figure 3.5 (i) STM profile and simulated mechanical profilometer trace of a square wave grating, (ii)
3D plot of topographic map of an ionic square wave grating obtained with a NanoScope STM.

Bennett et al. [137] carried out a further study on the grooves of an optical grating
using a scanning tunnelling microscope. The STM profile was used to simulate the
possible profile from a conventional profilometer of radius 0.2-0.3pm and both are
shown in figure 3.5(i). The gratings had a spacing of 0.7 mm and were 0.35 pm deep.
The difference in the profiles result from the radius and shape of the Talystep tip which
have been superimposed on the STM profile. It must be noted that while the STM profile
is a better representation of the surface the tip shape may still influence the surface profile.
Oden et al. [140] compared the roughness of a magnetic tape, a polyethylene
terephthalate (PET) substrate and a magnetic-tape head with a rigid-disk head slider using
a scanning force microscope (SFM) and a non-contact optical profilometer (NOP). The
NOP was a three-dimensional profiler which used optical interference to detect surface
features at a lateral resolution of 1pm and a vertical resolution of 0.1- 0.2 nm (Wyant et
al. [141]) while the SFM used a focused diode laser to monitor deflections of a silicon
nitride cantilever as it scanned the surface (Binnig et al. [130]).
The SFM revealed several surface features at the submicrometer scale which were
characteristic of the manufacturing process and which were not discernible by the NOP.
The NOP image of the magnetic tape did not show any distinctive features whereas the
SFM image clearly showed the magnetic particles, typically 1 pm long and about 0.1 pm
wide. While the NOP did not detect any distinctive features on the tape head, the SFM
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was able to detect grooves along the direction of tape motion. In addition to this the SFM
also showed an epoxy joint along the axis of the head cylinder. The SFM was also able to
detect randomly oriented scratches , typically <1 jim, which were possibly the result of the
final lapping operation. The failure of the NOP to detect features on the surface is due to
the limitations of the lateral resolution of the instrument.
The full power of SPM for roughness characterisation was recognised by FilesSesler et al. [142]

who used a commercial STM and SFM to analyse the surface

roughness of a gold-silicon eutectic die attach which is widely used for high reliability
integrated circuit assembly [143].

The system developed allowed the calculation of

traditional roughness parameters such as Ra, Rp, and Rt for individual lines.
The use of the SFM to measure surface topography has led to better resolution,
particularly in terms of lateral dimensions, and to the 3D representation of surfaces. This
has advanced the study of surface roughness and contact mechanics by providing a whole
new platform for the development of surface roughness parameters, such as fractals [144 146], which may help to better predict contact. Previously developed theories of contact
and experimental evaluations were limited to situations where only the 2D characteristics
were considered and surface features at the nanometer level were unaccounted for. Oden
et al. [140] examined the area of contact mechanics for a magnetic tape and head, using a
SFM and a non-contact optical profiler. The summit statistics obtained from the SFM and
NOP measurements were used with the theoretical

predictions of Greenwood and

Williamson [28] (and also Bhushan [101]) to examine contact.

Due to the large

discrepancy in the summit statistics of the NOP and SFM measurements, the value of the
plasticity index varies significantly.

The NOP measurements suggest the tape-head

contact produces elastic deformation whereas the SFM measurements indicate plastic
deformation. The SFM observations were similar to the observations of Bhushan and
Blackman [147] for thin film magnetic rigid disk surfaces.
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3.4.2

Adhesion Measurement

Adhesion is of great technological importance as it is an important consideration in the
performance of micromachines and has a major influence on the performance of thin films.
Until recently, due to the difficulty of characterising nanometer scale topography, the
fundamental processes of adhesion was a challenging study.

Initial attempts at

understanding and characterising the modes of adhesion were developed hy Johnson et al.
[22, 24] and Gane et al. [31]. Surface roughness and ductility were found to affect adhesion
and these difficulties motivated the development of adhesion studies with single asperity
contact. Pollock et al. [23] carried out the first experiments of a single asperity on a flat
surface in the 1970's. In these studies, force in the 100 nN range was determined using
capacitance techniques to measure the deflection of a cantilever and contact area was
inferred from electrical resistance measurements (from, the flat through the asperity).
Durig et al. [148] were the first to use the STM to determine interatomic forces on
an atomic scale, specifically the metallic adhesion force between an iridium tip and an
iridium surface. Kaneko et al. [149] also measured the adhesion force, or adhesion, using
the modified STM shown in figure 3.6 (i). In order to make contact the Z axis of the PZT
arrangement which supports the sample, as shown in figure 3.6 (ii), was extended to the
midpoint. A geared induction motor coupled with a microscrew was used for coarse
approach of the tip to the sample until the optical head detected a deflection. The Z axis of
the PZT was then returned to the unextended position and the coarse approach was then
locked in place. After contact the sample was slowly moved backward until the spring force
exceeded the adhesion force, the tip then detached from the surface and returned to the initial
position. The adhesive force was determined by multiplying the spring constant by the
deflection. A map of the surface was produced indicating the variation in local adhesive
forces. Kaneko obtained a map of the adhesive force on the same order as the adhesion
forces measured by Kohno and Hyodo [150] between a steel surface and tungsten or Si02
tips. Kaneko [151] later developed the point contact microscope shown in figure 3.14 as an
ultra micro-hardness tester, or a micro-wear tester, which could also be used to measure the
adhesive force between a tip and a sample surface.
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Figure 3.6 (i) Scanning tunneling microscope modified by Kaneko for microtribology, (ii) Schematic of
atomic force measuring mechanism for adhesion force.

Force Curves

The majority of the SFMs that have been applied to adhesive force or adhesion measurement
have used force curves to display the adhesion at a given position. The force curves are
produced by monitoring the force and tip-sample separation as the tip approaches and
retracts [152 - 154].
Figure 3.7 depicts schematically the forces acting between the tip (mounted on a
cantilever) and sample as a function of the separation D between the cantilever tip and
sample. The cycle starts with the sample far away and the cantilever in the rest or free
position.

As D decreases the cantilever bends towards the sample such that at any

equilibrium separation D the attractive force F balances the restoring force (spring constant k
multiplied by its deflection). However, if the magnitude of the gradient of the attractive
force dF/dD exceeds k (point A), the cantilever will jump into contact with the sample (point
A'). If the cantilever was to continue to approach then the short range repulsive forces would
start to counterbalance the attractive forces and the cantilever would then deflect away from
the surface. However if the direction of the sample is reversed after contact, the force of
adhesion will continue to attract the cantilever towards the surface. This will continue until
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the cantilever jumps away from the sample at some point B to some point B' giving rise to
hysteresis in the measured force curve, the magnitude of the hysteresis depending on k and
F. This deflection prior to the jump at point B is a measure of the adhesive force and the
latter can be determined from the deflection and spring constant of the cantilever.

Figure 3.7 The forces acting between the tip and sample as a function of the separation D.

Burnham et al. [154, 155] performed experimental measurements using a SFM
configured to measure the force between a tip mounted on a cantilever and the sample
surface as a function of the tip-to-sample separation, as shown in figure 3.8.

The two

graphs are good examples of the information that force curves can provide on such sample
properties. They illustrate for example differences in the hardness of the samples (i.e.
hysteresis in the loading/unloading for gold) as well as in the adhesion of the sample.
3.4.3

Friction Measurement

The versatility of the SFM makes it ideally suited for nanotribology work. It is possible to
produce tips of several nm radius while loads in the range from nanonewtons up to
millinewtons can be measured. By choosing appropriate spring constants it is possible to go
beyond topographic measurements and investigate different mechanical phenomena,

at

high resolution, by measuring and controlling both normal and lateral forces in the sub-pN
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range.

The ability to characterise surfaces in UHV makes the SFM unique among

measurement devices used in tribological work.

Figure 3.8 Plots of the force associated with the interaction of a tungsten tip with (a) graphite and (b)
gold surfaces as a function of sample position.

The first attempt at modifying an SFM in order to measure both normal and
frictional forces was made by Mate et al. [156, 157]. Their instrument, generally referred to
as the "Friction Force Microscope (FFM)" or "Lateral Force Microscope" (LFM), was used
to measure atomic-scale friction of a tungsten tip sliding on a basal plane of a single grain of
highly-oriented pyrolytic graphite (HOPG). Since then several research groups and
instrument manufacturers have developed various designs of FFM.
Central to all such instruments is a sensor that measures the lateral and normal force
on the tip with the same sensitivity. A circular cross section cantilever with low stiffness at
small forces (0.1 nN or lower) and a high resonant frequency (about 5 to 20 kHz) to
minimise sensitivity to vibrations is required. This requires a spring with extremely low
vertical stiffness (typically 0.06 to 40 N/m) as well as low mass (on the order of 1 ng). The
force on the tip due to its interaction with the sample is sensed by detecting the deflection of
the compliant lever with a known spring constant. The optical detection techniques are
believed to be more reliable and easily implemented than tunnelling (Binnig et al. [130]) or
capacitance (Neubauer [158]; Goddenhenrich [159]) detection methods.
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Fig 3.9 Schematic of the FFM by Mate et al. [156]. Normal and friction forces are measured by
measuring the cantilever deflection in both normal and lateral directions by optical interference.

The SPM techniques developed for frictional force measurements can be divided
into two groups.

The first technique separates the frictional force measurements from

topographical measurements while the second technique performs both measurements
simultaneously. Mate et al. [156, 157] developed two SFMs for measuring and imaging the
forces acting on a sharp tip in contact with a surface. One uses optical interference for
measuring the deflection of a lever with a known spring constant while the other uses
capacitance technique to measure the lever deflection.

Two electrochemically etched

tungsten wires were used as the cantilever/tip (150 to 300 nm in radius) assembly with spring
constants 150 and 2500 N/m as shown in figure 3.9.

Two laser beams were used

independently to monitor cantilever deflection in the normal and parallel directions (later
modified by Ruger [160]; Albrecht [161]). The force in each direction was determined by
multiplying the cantilever deflection by the stiffness of the cantilever in each direction. Mate
et al. [156, 157] measured the friction by pushing the tip against the sample in the Zdirection at desired loads (7.5 to 56 |iN), moving the sample back and forth parallel to the
surface plane and scanning by stepping the sample (for 3-D profiling). Erlandsson et al.
[162] developed a system similar to Mate et al., based on optical interferometry, to measure
friction at the nano-scale.

To measure frictional forces the tip sample geometry was

configured so as to have the lever deflection parallel to the surface. Miller et al. also carried
out experimental research to evaluate the application of the SFM for friction analysis [163]
using a combined STM and SFM [164]. Again a circular cross-section probe was chosen for
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friction studies because it provides equal bending strengths, normal and lateral to the sample
plane.

Leaf

KS?-”™”

scanner
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Figure 3.10 FFM design presented by Kaneko^ra/. (1991). Sample mounted directly on tube scanner.

Another type of FFM was developed by Kaneko and his co-workers [149], where a
diamond tip (0.1 pm radius) was held by a parallel-leaf spring unit with the sample mounted
on a similar unit. These parallel-leaf springs have greater torsional rigidity than single-leaf
springs of the same spring constants thus reducing deflection errors caused by non-axial tip
movement.

A focusing error detection type optical head (resolution < 1 nm) was used to

measure the tip displacement in the lateral (X) direction. Kaneko [151, 165] also presented
another FFM design as shown in figure 3.10. Here a PZT tube scanner capable of 3-D
movement was used for moving and loading the sample against the tip.

For friction

measurements a diamond tip was used which was ground to the shape of a three-sided
pyramid with a radius of 0.1 pm and apex of 90 deg. The tip was mounted on one end of a
single-leaf spring and was mounted perpendicular to a parallel-leaf spring unit. The tip-tosample contact was established by observing the parallel-leaf spring vibration resulting from
the vibrating tip; when in contact, there is an absence of parallel-leaf spring vibration.
Applied normal force was obtained by the tube scanner displacement and the stiffness of the
single-leaf spring. For friction measurement, the sample was scanned against the tip. The
friction force being applied at the tip deflects the parallel-leaf spring which is sensed by an
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optical head. A control unit generates a voltage signal which is applied to electrodes that in
turn move the associated leaf-spring back to zero displacement by overcoming the friction
force. Thus, friction force is measured from the voltage difference required between the
electrodes.
Kaneko et al.'s design, like that of Mate et al. [156, 157], does not have the
capability to measure surface topography and friction force simultaneously. This is a
significant drawback as any correlation between local variations in friction force and the
surface topography cannot be easily observ'ed. Marti et al. [166] overcame this difficulty and
developed the scanning force and friction microscope (SFFM) which is capable of measuring
two forces simultaneously, i.e. the normal force of loading and the friction force. The
combined force and friction microscope is based on an SFM that was designed for easy
adjustment [167] and allows easy correlation between the friction and topographical features.
To obtain atomic images and the friction co-efficient the SFM operates in the
repulsive mode. Friction will cause a force opposing the motion of the tip [136] and this
friction force Fp will twist a cantilever as shown in figure 3.11. The amount of twisting
depends on the height of the tip “a” and the torsional spring constant of the cantilever.

In

the optical lever SFM friction forces will cause a deflection of the light beam in the X
direction in addition to the deflection of the light beam in the Y direction caused by the
bending of the cantilever due to normal force or loading. By using a quadrant detector, one
can record both the deflection due to normal force Fpj and the deflection due to the friction
force Fp. The width-to-height ratio of 33 used by Marti et al. [167] makes the cantilever
1089 (i.e. 33 2) times stiffer for bending sideways in the X direction than in the Z direction
and therefore the unwanted bending is suppressed in this setup. It is estimated that the lateral
bending in the cantilever is less than 0.15 nm.

Thinner cantilevers would reduce the

deflection in the X direction compared to the twisting. The ratio of the bending and twisting
spring constants and the ratio of the deflection angles are different because of the geometry
of the cantilever. Other possible error sources are the misalignment of the quadrant detector
and of the cantilever but careful set-up should help minimise these errors. Bhushan et al.
[168] also examined the area of atomic scale friction and used a commercial SFM/FFM for
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the simultaneous acquisition of topography and frictional force in a similar manner to Marti
et al [166].

Fig. 3.11 Schematic drawing of the scanning force and frictional microscope.

To date the various systems developed for determining micro and nano-friction have
been broken into the two classifications as described above. While the techniques and
procedures used to determine friction may differ, the use of friction loops is common to all
instruments. The friction loop is generally generated by measuring the deflection of the
cantilever parallel to the surface. This method is generally more reliable as the vertical
deflections arising from surface features during scanning do not influence the frictional force
measurements. Blackman et al. [169] used friction loops to examine the co-efficient of
friction by oscillating the sample back and forth in the X direction while the load was varied
linearly from zero to a maximum value and back to zero by moving the sample in the Z
direction. The load is determined by multiplying the known Z sample displacement, after
contact, by the spring constant. The frictional force during sliding is determined directly
from the friction loop and plotted as a function of the Z sample position during loading and
unloading.
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Figure 3.12 A typical "friction loop"obtained by Cohen eta/. [170],

Cohen et al. [170] also used the friction loop to examine the friction between a
tungsten tip and a gold substrate. Figure 3.12 shows a typical "friction loop" displaying the
lateral force resulting from sliding the sample back and forth across the tip. The axis of
sliding is labelled Y. Starting at point 1 and proceeding along the loop the tip first sticks to
the surface, until at point 2 the lateral force exceeds the static friction and sliding ensues,
continuing until the turnaround at point 3. While no evidence is seen here for stick-slip
behaviour, stick-slip was observed on other materials [156, 157, 171]. Erlandsson et al.
[162] obtained a value of 0.09 for the co-efficient of friction for mica, which was later
corroborated by Miller et al. [163] who obtained a value of 0.082 for their co-efficient of
friction using a different instrument. An example of the friction loop obtained by Miller et al.
[163] is shown in figure 3.13. An interesting feature of the gold loops is the curvature near
points 2, just before commencement of sliding. This is indicative of incipient sliding, the
mathematics of which has been developed [172, 173]. For each loop in Y an average load
can be obtained from the normal lever deflection. The frictional force is obtained directly
from the loop by dividing its height by 2. A plot of friction and load versus sample position
can be obtained.
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Fig. 3.13 The lever deflection and corresponding frictional force in the X direction as a function of
sample position as the sample is scanned back and forth under the tip.

3.5.4

Hardness Measurement

The advent of the SFM has provided a useful tool for examining the area of tribology and
especially the area of thin films, as its versatility enables the hardness of a material at the
micro and nano-scale to be determined. A particular benefit is that the SFM can provide an
image of the indent as well as performing the indent. The first attempts at the use of SPM
techniques for hardness measurement were made by Miyazaki et al. [174] and Yokohata et
al. [175]. Miyazaki et al. [174] used the STM to examine the indents performed on a Vicker
hardness test at loads of 2.94, 4.9, 9.81 and 19.6 mN. The indent of the 9.8ImN load was
compared using three systems: optical microscope, SEM and STM and the same hardness
value was obtained. At about the same time Yokohata et al. [175] proposed using a STM not
just for imaging the indent but also for generating the indent. The indentation procedure
carried out on gold involved imaging the sample prior to the indentation, indenting with the
STM tip and then imaging the sample to obtain the profile of the tip afterwards. Four
indentation tests were carried out at 30/60/100/300 nm indentation depths. These systems
provided more accurate measurements of the indents but

suffered a number of

disadvantages. The two primary disadvantages of these tests were: (i) the STM required
conducting samples and (ii) there was no real control over the loading.
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The above problems were overcome by Kaneko and his coworkers who developed
the point contact microscope (PCM) [149, 151]. Instead of the fragile SFM cantilever tip
they used a thin flexible steel cantilever leaf spring with a sharp diamond tip mounted on the
end. The PCM developed by Kaneko has been used to perform scratch [176] and indentation
tests on various materials [151, 177 - 179]. Figure 3.14 presents a schematic diagram of the
PCM designed by Kaneko et al. [149]. The lower schematic shows the sample held by a
tube scanner which can move in the XYZ directions, the Z-displacement being controlled by
±200 volts which gave about 3 pm movement. A major modification of the PCM in
comparison to the SFM is that the Z-position of the cantilever is controlled by a laminated
PZT actuator with a total range of 20 pm. This allows more control of the force applied to
the sample by the tip than is possible when using the tube scanner. These features make it
possible to modify and obtain the surface topography with the same tip. Two micrometers
with 0.1 pm axial graduation are used to move the sample and optical head for coarse
adjustment. The optical head, with resolution 0.3 nm, measures the displacement of the tip.
The same tip is used for indentation and scanning and therefore the cantilever must be stiff
enough to perform the indentations. However on the other hand it must be flexible enough to
scan the sample without changing its surface topography. In other words, different cantilever
tips are needed for different materials. The tip radius can be estimated from an SEM image.

Fig. 3.14 Schematic diagram of the PCM designed by Kaneko et al. [149].

Prior to indentation the tip makes contact with a small scanning force, after which
the laminated PZT has a voltage applied to it to produce the desired displacement of the base
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of the cantilever. The indentation force can be calculated from the spring constant and the
displacement of the PZT actuator. The resolution of the indentation force is the product of
the resolution of the optical head, 0.3 nm, and the spring constant. The hardness is defined
as the ratio of the indentation force to the projected area of the residual indentation and
represents only the plastic deformation portion of the material's response.

Fig.3.15 Schematic of the AFM showing the mechanical and piezoelectric tube manipulators. The
cantilever beam is sandwiched between the tunneling tip and the sample as shown in the inset.

This system developed by Kaneko was based on the indentation technique.
Burnham et al. [154] however configured an SFM for measuring hardness based on the depth
of penetration technique. The system used is shown in figure 3.15 and performed surface
forces and adhesion measurements. The left hand side of the schematic shows the STM used
to measure the deflection of a cantilever beam which is mounted in the centre of a lever arm
that would normally hold the STM sample. The right hand side shows the AFM sample stage
consisting of the sample holder coarse approach mechanism and the piezo manipulator that
controls the X, Y and Z motion of the sample. The inset figure shows the relationship of the
scanning tunnelling tip piezo, cantilever beam/tip and sample piezo.
The parameters measured are either the load (or force) as a function of penetration
depth or load as a function of sample position. The penetration depth, h, is defined as the
difference between the distance moved by the sample (Zs) and tip (Zt) piezos, or h=abs(Zs 59

Zt). For example if the sample moves lOnm and the response of the tunneling tip (i.e.
cantilever deflection) is only 3nm then the cantilever tip has penetrated the sample by 7nm.
A plot of penetration depth is obtained for both loading and unloading the sample. The
elasto-plastic properties of the material can be determined from the loading and unloading
curves [180]. The modulus of elasticity E may be determined from the loading portion of an
indentation curve [103]. However because most materials are elasto-plastic, E can also be
determined from the elastic contribution of the unloading curve. The hardness may be
determined as well from the unloading curve but the elastic contribution to the data must be
subtracted. Hardness is the maximum load divided by the projected area of contact between
the indenter and the sample after the sample has recovered elastically.
Bhushan et al. [168] investigated the indentability of magnetic tapes at increasing
loads on a picoscale using a commercial SFM already described above. Bhushan et al. gave
an insight into some of the difficulties that need to be addressed when performing indentation
tests at the nano-level. The first difficulty was that to perform indentation measurements it
was necessary to employ a different cantilever system to the standard one used in SFM
instruments. The selection of the appropriate cantilever is essential in indentation in order to
provide a cantilever with sufficient spring stiffness to indent the sample and with a tip hard
enough to resist elastic and plastic deformation.

3.4.5

Wear Measurement

The development of thin and ultra-thin coatings and the need for testing ever smaller
components has presented a major problem in the area of wear measurement. As with
hardness the development of the SFM has provided a useful tool for characterising the wear
properties of thin coatings while limiting the area of damage. This system can also easily
give a quantitative measure of the wear rate and provide information on the type of wear that
has occurred by providing an image of the surface. Kaneko et al. [151] were the first
researchers to recognise the full potential of the SFM in the area of microtribology. The
point contact instrument had the ability to measure hardness,
roughness and the wear properties of a material.
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adhesive force, surface

This instrument has been discussed

previously and is shown in figure 3.2. Kaneko et al. [151] performed line scratching tests on
a variety of materials but particularly amorphous carbon (AC) and silicon oxides due to their
practical application as coatings for protective layers on thin-film magnetic recording disk
media [181, 182].

Figure 3.16 Schematic diagram of the modified PCM using two-optical-heads and the double leaf spring
( point B is on the reverse side of point B’).

The point contact microscope system was later modified by Jiang et al. [177, 183] to
incorporate a new type of cantilever which allowed the frictional force to be measured in
conjunction with normal forces, as shown in figure 3.16. This instrument was then used to
measure simultaneously the microscopic friction and wear and to observe the relationship
between wear and friction. Wear tests were performed by applying a loading force between
the sample and tip. With the loading force applied two methods were used for producing the
wear scar: single line scratching (fig.3.17) and area scratching (fig.3.18).

Single line

scratching involved scanning the tip under the load in the X direction while keeping Y
constant for a specified number of cycles whereas area scratching consisted of a specified
number of XY scans over the same area. After the scans to produce the wear scars were
completed the loading force was reduced to a value low enough to cause neither wear nor
plastic deformation of the sample surface. The wear scar on the sample was measured by
scanning a wide area of the sample and monitoring the output of the optical head.
Blackman et al. [167] also examined the friction and wear properties of multilayer
Langmuir-Blodgett (L-B) films using a SFM capable of measuring the normal and lateral
forces independently [156, 157]. To determine the wear characteristics of the coating the
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SFM was configured to measure the normal forces perpendicular to the surface, using the
same tip for both imaging and generating the wear scratch. The wear scratch was performed
by oscillating the sample back and forth in X while slowly increasing it in Y, such that the tip
transcribed a zig-zag pattern. The topographic images were obtained by imaging in the
attractive non-contact mode as this mode allowed the topography of the surface film to be
determined without the tip contacting the fragile L-B layer.
1°
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Fig 3.17 Line scratches performed by Bhushan et. al. on (a) single-crystal(lll), (b) unlubricated polished
thin-film rigid disk, and (c) MP tape

Bhushan et al. [168] used a modified commercial SFM/FFM from Digital
Instruments to conduct studies of friction, scratching, wear, indentation and nanofabrication.
Simultaneous measurements of friction force and surface roughness could be made using this
instrument. This system used a split photodetector with four quadrants, with two quadrants
(top and bottom) of the detector used for topography measurements and the remaining two
quadrants (left and right) used to monitor the friction force. For most operations the normal
force was kept constant using a feedback circuit which adjusted the height of the PZT
actuator so that the cantilever remained constant. Two cantilevers were used. The first was a
microfabricated silicon nitride cantilever used for topographic imaging,
measurements and for nanowear and nanoindentation at very light loads.
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friction force
The second

cantilever was made from stainless steel with a diamond tip and this cantilever was generally
used for nanowear and nano-indentation (typical loads from 10 to 100 |iN and a spring
stiffness of about 25 N/m). The sample was scanned before and after the scratch or wear
scar to obtain the initial and final surface topography at loads of about 0.5 p.N. Additional
scratching may have occurred during these scans but was much smaller than that generated
at higher loads.

Figure 3.18 Surface profiles of unlubricated polished thin-film rigid disk showing worn region produced
by area scratching.

Characterisation of material

on the atomic scale with a SF^ was also

demonstrated by Lieber et al. [184] who considered the local structure and electronic
properties in order to develop models of friction and wear. Wear that occurred as a result
of defects was examined by Kim et al. [49] using a SFM while Thundat et.el. [185] used it
to observe atomic layer-by-layer removal of lead pyrophosphate.
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CHAPTER FOUR

INSTRUMENT DESIGN

4.1

Introduction

The general layout of the MultiTester is illustrated in figure 4.1.

Essentially the

instrument consists of a piezoelectric actuator that moves a sample in three dimensions
(XYZ) relative to a cantilever/tip assembly. The vertical position of the cantilever is
sensed by a laser beam that is reflected off the cantilever onto a position sensitive
photodiode.

Figure 4.1 General layout of the MultiTester

Six test geometries are illustrated in figure 4.2 with each test having a sequence of
movements and loads that depend on the specific test. Three tests (topography, friction
and adhesive force) only require non-destructive actuation phases. The other three tests
(adhesion, hardness and wear) require a destructive actuation phase and a subsequent non
destructive imaging of the test locale to extract the measurement data.

Imaging is not

required for the adhesive force test as the measurement data is extracted during the
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actuation cycle. However by moving the sample and repeating the adhesive force test at
different positions it is possible to image adhesive forces across a surface.

Figure 4.2 The layout for the five tests.

In all the above tests the forces are generated by, or determined from, the
relative movement of the cantilever with respect to the surface. The control and detection
of cantilever movement together with an accurate determination of the cantilever force
constants are key quantification issues.

At first sight there appears to be a conflict

between the non-destructive requirements of the imaging phase and the controlled
destruction inherent in the actuation phase of certain tests. However, no conflict arises in
many situations because the range of the forces available from the cantilever is sufficient
to accommodate both requirements. In other situations cantilevers with different force
ranges have to be interchanged between the actuation and imaging phases of the test. This
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is particularly so for the adhesion test which requires an extremely wide range in force:
from up to tens of newtons in the actuation phase down to nanonewtons in the imaging
phase depending on the materials under test.
4.1.1

Design Criteria

The design requirements for the prototype MultiTester were:
Multiple testing capability
The instrument should be capable of performing the following tests
•

topography

•

friction test

•

adhesive force

•

hardness

•

wear

and facilitate upgrading to include :
•

adhesion (scratch test)

Compact construction
This will reduce the effect of vibration and facilitate using the design within ultra high
vacuum.
Wide dynamic range in performance
The system should be designed with the capability for scanning different ranges, applying
various forces and with as wide a range of heights as possible.
Sensitivity
The system should have sufficient sensitivity at the nanoscale level
Reliability
The system should be reliable in that its performance should not suffer too much from
undue influences.
Ease of Use
The system should be constructed so that it is straightforward to dismantle or replace the
cantilever and the sample.
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4.1.2

Overview of Tests

The operating procedures involved in the above tests are now reviewed as it provides
information essential to the design of the prototype instrument.

Figure 4.2 shows a

schematic representation of the various tests and illustrates the different phases of each
test. The topography, wear, friction, hardness and the adhesion (or "scratch test") all
require an imaging phase. This means that the instrument must have the capability of
moving the sample in the X and Y directions in a raster pattern. The XY movements are
then combined with the vertical height Z detected at each point of the scan to give a 3D
representation of the surface. These tests also require that there is control of the force
being applied to the surface which is achieved by careful monitoring of the approach of the
tip to the sample. Another requirement is that the applied load remains constant while the
test is performed and this im.plies that a control loop must be used.
Topography

Figure 4.2(a) demonstrates the principle of operation. The tip on the end of the cantilever
makes contact with the surface with a load that will not damage the surface. Once in
contact the sample is moved in an XY scan motion as indicated by the arrows marked
"image". In an open loop format the vertical deflections of the cantilever are monitored as
the sample moves under the tip and are used to produce a 3D representation of the
topography. In closed loop format the sample is adjusted vertically to maintain constant
deflection and the controller output is used to generate the 3D representation. In figure
4.2(a) the arrow marked "test" refers to the key parameter of both formats, i.e. the vertical
deflection of the cantilever.
Friction Measurement

This test uses lateral force microscopy (LFM) to examine differences in the frictional
forces within a three dimensional area. The principle of operation is shown in figure 4.2
(b). This test is similar to topography except now the lateral bending of the cantilever is
monitored as the tip scans over the surface of the sample. As with the first technique
"test" refers to the main test parameter, the lateral bending of the cantilever, while
"image" refers to the XY motion of the sample required to perform an area scan.
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Adhesive Force Test

The adhesive force test is shown in figure 4.2(c). The tip is positioned above the sample
such that the deflection of the cantilever is "zero", i.e. there are no forces exerted on the
cantilever.

The sample is moved towards the tip until contact is made at a preset force

and the sample is then retracted.

The deflection of the cantilever is monitored

continuously through the complete approach and retract cycle, the difference in deflection
between the point at which contact is made and broken being a measure of the adhesive
force.
Coating Adhesion Test or Scratch Test

Figure 4.2(d) illustrates the adhesion test in which an increasing load is applied as a
scratch is made. There is an alternative mode which produces a series of parallel scratches
with each performed at a different constant load. Once the actuation phase of the test is
complete the test locale is imaged in either topography or lateral force mode.
Hardness Test

The hardness test is outlined schematically in figure 4.2(e).

A load is applied to the

sample as determined from the deflection and spring constant of the cantilever. The test
locale is then imaged in topography mode. From the topography images it is possible to
determine both the depth of the indent and the area of the indent.
Wear Test

The first phase of the wear test, (figure 4.2(f)), requires the deformation of the sample by
applying a given load for a predetermined number of cycles. Again, the load is determined
from the spring constant and the deflection of the cantilever. The test is carried out under
closed loop control so that a constant load is maintained as the sample wears. Once this is
complete it is necessary to image the deformation or wear scar.

For a given load and

number of cycles the dimension of the wear scar will depend on the wear properties of the
material under test.
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4.2

Mechanical Aspect of the MultiTester

The design of the mechanical aspect of the MultiTester is of crucial importance as this not
only affects the type of test that can be performed but also the quality of the results the
instrument provides. Because of the complexity of the mechanical elements and the need
to review the various alternatives already in use, this topic is divided into (i) the detection
system, (ii) sample approach to tip, (iii) the cantilever design and the (iv) overall design of
the instrument.

4.2.1

Detection System

Detection of the cantilever deflection is a key consideration in the design of the prototype
instrument. An array of systems has been developed for the detection of the cantilever
deflection which are capable of resolutions of 0.1 nm or better.
•

Tunnelling to the back of the cantilever [130],

•

Measuring the change in phase of light from an optical fibre reflected
off the back of the cantilever [ 160, 186, 187] ,

•

Measuring the change in the angle of a laser beam reflected from the
back of the cantilever [188] ,

•

Measuring the capacitance between the cantilever and a reference electrode [155,
158, 159].
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Figure 4.3 Selection matrix used to choose the appropriate detection system.
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In order to select the optimum system for the prototype design it was necessary to evaluate
these systems with respect to the objectives set out in the specifications. The selection
matrix shows that only two techniques met ^ the key specification criteria.

The

secondary considerations deemed important included cost as well as the complexity of
construction and manufacture of the system. On this basis, the technique of reflecting
from the back of the cantilever was deemed to be the simplest and most cost effective
solution.

4.2.2

Design of Reflective Detection System

In designing the optics for the detection system it is important to note that there are two
possible orientations for the optical path with respect to the cantilever.

The two

orientations are shown schematically in figure 4.4 in relation to the scan direction. The
"zero" orientation refers to the situation where the laser and photodiode are aligned along
the axis of the cantilever and in the Y scan direction while the "90°" orientation is aligned
parallel to the X scan direction.

While the "zero" degree orientation is the most widely used of the two it is worth
noting that both orientations have inherent advantages and disadvantages. The selection of
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the orientation is made more difficult by the added complication of designing a prototype
instrument with the capability of measuring lateral forces as well as the topography. The
influence of the scan direction in conjunction with the orientation will have a significant
part to play in topography and lateral force measurements and hence will indirectly affect
most tests. Selecting the optimum orientation before testing was impossible and as a result
the instrument was designed to be configured in either orientation. It was also necessary

Figure 4.5 Schematic showing the optical detection system for the prototype instrument.

As shown in figure 4.4 the laser diode emits a beam which reflects off the back of
the cantilever and onto a four quadrant photodiode where the spot movement is used to
monitor the topography and lateral force of the sample. It is essential therefore that the
beam is focused onto the cantilever to produce sufficient signal for test sensitivity while
avoiding saturation of the photodiode.
The laser diode and photodiode arrangements for the detection system are shown
in figure 4.5 and figure 4.6.

The laser diode unit is mounted in a purpose built holder

which is attached to the back of two translation stages (Ealing Model: 53-0006) which are
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mounted at 90° to each other. These are then used to position the laser beam onto the back
of the cantilever. A visible red laser 670 nm diode (Ealing Model; 21-6671) was mounted
into the holder (Sumicem Opto. Electronics) which was equipped with a focusing lens
system. The optimum spot size on the cantilever was determined using the focusing lens
in conjunction with the laser holder position. While the cantilever and mounting assembly
will be discussed later, it is worth noting here that the mounting assembly is also attached
to a translator for additional flexibility. The reflected laser beam passes through a 670 nm
bandpass optical filter and onto the photodiode. This filter removes the effect of ambient
light changes on the photodiode.

Figure 4.6 Photograph of the optical detection system.
Note: The tube scanner construction can also be seen.

The filter and photodiode are mounted on a specially designed holder which is
mounted onto the translators on the right hand side of figure 4.5. The light reflected off
the cantilever is positioned on the four quadrant photodiode using the two translators
which are at 90^ to each other.
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4.2.3

Sample Approach to Tip

Another crucial component to be considered in the design of the prototype instrument is
the approach mechanism to be employed to bring the sample towards the tip. This is
particularly significant in the case of the MultiTester as the resolution of the approach
mechanism will determine the smallest force that can be applied. The approach mechanism
used for SPM systems generally consists of separate coarse and fine approach elements.
The coarse approach brings the sample into sufficient proximity to the surface that the fine
approach mechanism can then take over to achieve contact.
(a)

Fine Approach

In general SPM systems use the same actuator for XY scanning motion of the sample and
fine Z approach. The piezo tube scanner was selected to provide these functions for the
prototype instrument. The fine approach is not independent of the coarse approach
mechanism as they are both used by sequencing their operations (as discussed in section
3.3) until the desired contact is reached.
(b)

Coarse Approach

To date a variety of systems have been developed to accomplish coarse approaeh and
some of these are reviewed here. In the first scanning probe microscopes the coarse
approach was provided by means of a "Louse" which is a form of piezoelectric walker.
The walker consisted of a piezoelectric plate and dielectric feet to which clamping
voltages were applied[131].

The louse had the advantage of not only advancing the

sample towards the tip but also of moving it laterally. It could even back the sample away
and rotate it to face other surface analytical equipment. Some walker designs perform
unreliably due to their high sensitivity to the surface condition of the dielectric material
while poor clamping results in a low resonance frequency.
Inchworm [189] systems were developed as a coarse positioning tool within
STMs and operate by elongating and contracting a piezoelectric plate with an appropriate
electrical clamping sequence for the feet attached to the plate. These inchworms systems
can decrease the tip to sample spacing from quite large distances but generally only move
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along the sample plane. Commercial inchworms generally consist of a shaft which is
gripped by clamps mounted on a cylindrical extension element.
There are three other systems that have generally been used to provide the coarse
approach and these are (i) direct micrometer approach [149, 190], (ii) differential springs
[191] and (iii) [ever based systems [192].

4.2.4

Design of the MultiTester Approach System

In designing the approach system of the MultiTester the design specifications for the
prototype and the limitations of the various systems were examined.

The inchworm

technique was chosen for a number of reasons with the main one being that the resolution
of 2nm can be maintained over the whole travel of 10mm. However a difficulty with the
commercial inchworm system that was available (Burleigh) was that it did not use a
controlled approach system and as a result after every 512 steps the inchworm would snap
back 1 pm. As this could be overcome at a future date by using a more expensive
controlled approach version (of the same dimensions) the prototype proceeded with the
available system. Another advantage of using an inchworm was that it could operate in an
ultra high vacuum system which was a long term feature of the MultiTester design.
An illustration of the fine approach and its integration with the coarse approach
mechanisms are shown in figure 4.7 and more detailed information is contained in
Appendix B (DRG-PZT-1, DRG-PZT/CA-1). The approach mechanism consists of the
PZT tube scanner which provides the fine movement and the translators/inchworm which
provide the coarse movement. It is important to realise that to perform tests at widely
different scan areas it is necessary to use different length PZT tube scanners. The design
allows easy exchange of the tube scanner and has the flexibility to cope with a wide range
of scanner lengths.
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XYZ Translators

Inchworm Mounting
Clamp
Inchworm
Connector Plate

Figure 4.7 Shows the XYZ translator, inchworm and PZT tube scanner.

4.2.5

Cantilever Design

There are several different cantilever designs (figure 4.8) depending on the intended
application. In all cases the resonance frequency (w) should be high with the spring
constant (k) chosen to suit the application. Both of these parameters are dependent on the
cantilever geometry and construction material.
The simplest geometry in common use is that of the L-shaped cantilever and is
usually made by bending a wire at a 90° angle and electrochemically etching a tip on the
end.

L-shaped cantilevers are ideal for non-contact applications and friction

measurements.

In friction measurements the measurement of the tangential force is

desired. During contact mode imaging with L-shaped cantilevers frictional or tangential
forces often create a start-up artifact as scanning begins due to the tip sticking and
slipping. Other cantilever geometries were developed to reduce the lateral motion of the
L-shaped cantilever beam. The single-V geometry [193, 194] is used in contact mode
imaging as it limits X and Y deflections.

There is still some torsion around the

intersection of the tip and at the apex of the V and unwanted shear can develop at the tipsample interface when retracting the sample during an adhesion or surface force
measurement [195]. The double -V [196] and the double-X [197, 196] configurations on
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the other hand truly restrict the motion of the cantilever to the Z - direction and deter shear
artifacts.

Figure 4.8 The various cantilever geometries.

The minimum requirement for the cantilever’s resonance frequency

(O

is that it

be much higher than the instrument’s data acquisition rate as well as building and acoustic
noise. Typically this means that ft) should at least be in the kHz range. Although ft) is
geometry dependent, much can be learned by considering the mechanical properties of a
simple wire. The resonance frequency for a wire depends on its radius r, length 1, elastic
modulus E, and density p as follows:
ft)

Vp

l"

To increase ft) the wire should be stiff, thin, light and short. Details on calculating the
resonant frequency of other geometries can be found in many engineering texts [198].
It is also important to match the effective spring constant k of the cantilever to the
application. For example in the case of surface force studies where the tip-sample distance
is monitored it is essential to avoid cantilever instabilities. These can occur when the total
force gradient equals zero or when the sample force gradient is of equal magnitude to the
cantilever’s k value. Therefore in order to avoid this it is necessary to use a large k but
this results in poorer force resolution given that softer cantilevers (i.e. smaller k) increase
the instrument’s sensitivity.
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The effective spring constant k of a wire of radius r, length 1 and elastic modulus
E varies as:
.

Er^

For small k, the cantilever should be soft, thin and long. For large k, the cantilever
should be stiff, thick and short. These requirements must be balanced against the need for
high resonance frequency.

Since

= kl m , the mass of a small k cantilever must be

very small for it to have a high resonance frequency. This fact has provided the impetus
for micro fabricated cantilever which are now commercially available in L-shape and
single-V configurations [193, 194]. For larger k, increasing the thickness of the cantilever
has the greatest effect. In addition, E may be increased and 1 decreased without low'ering
CO .

A cantilever’s (O and k may also be determined experimentally. If the cantilever
is modulated as a function of frequency then resonance occurs at the frequency with the
greatest cantilever amplitude. By placing light weights on a macroscopic cantilever and
noting the deflection the cantilever's k may be determined from the slope of a graph of
weight versus cantilever deflection. This is physically quite difficult to do for the micro
fabricated cantilevers but their k value can be determined by pushing a light spring of
known k against the cantilever and observing the cantilever deflection.

4.2.6

Cantilever Design of the Multi-tester

Most of the early scan probe based systems used wires of circular cross section whereas
today most systems use either rectangular or V shaped microfabricated cantilevers
optimised for topography imaging. The application of SPM systems to mechanical testing
of materials has required the development of more specialised cantilevers especially for
hardness and wear testing
Kaneko et al. [149, 151] were the first to attempt to use SPM systems to analyse
the properties of materials at the micro to nano scale level.

Initially a specialised

cantilever was developed which used a parallel leaf spring (length = 10mm, width = 1mm,
thickness = 20-50 pm , spring constant = 3-50 pm). This cantilever was used to study the
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frictional and adhesion forces of the surface. Later Kaneko et al. used the same cantilever
with a point contact microscope to measure surface topography,

adhesion, hardness

(indentation) and wear (scratch test). In the case of the wear test a loading force of 10 pN
was used with a varying number of cycles to produce wear scars. These scars were then
imaged at low loads ranging from 100 nanonewtons to 250 nanonewtons. Lu et al. [199]
used the point microscope with a different type of cantilever to examine the surface
topography and frictional force. This cantilever was constructed from a single leaf spring
with a diamond attached to the end and the torsional twist of this cantilever was used to
measure the frictional characteristics.
In the design of the cantilever for the MultiTester a variety of materials and
constructions were examined to produce a cantilever which had characteristics that would
allow its use in all of the proposed tests. Conventional SFM cantilevers were unsuitable
from a materials point of view and it was decided to make the initial cantilevers while
trying to source specialised suppliers.
Initially the tips used in the experiments were made from fragments of crushed
sapphire spheres. A suitably sharp fragment was then glued onto the end of a cantilever
using rapid setting epoxy adhesive (Araldite) as the epoxy bond is stiff and will resist
compression. The tip is small and it was necessary to position the tip on the end of the
cantilever using a fine wire with a dab of Vaseline at the end. The Vaseline was used to
pick the tip up and then position it. While there is sufficient flexibility in the system to
cope with different lengths it was decided to standardise the cantilever length initially as it
minimised changes to the set up.

It was also decided to standardise the width to a size

that would ensure that the reflected laser beam had sufficient intensity. This is important
as the intensity has a direct influence on the sensitivity of the system. Its length and width
were set at values similar to those of Kaneko. The overall dimensions of the cantilever
spring to be designed were: length of spring L= 10mm and width of spring b = 1mm.
The thickness of the material used h was chosen as a design variable in the
procedure along with the material properties. The standard deflection y of the cantilever
was set to 1 nm as this is a value for the deflection that the optical detection system should
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be clearly to achievable. Appendix C demonstrates the calculations for the spring constant
[200,

201] and the resonant frequency [202, 203] of a cantilever made from AISI

304/EN58E stainless steel foil.
Springs in Parallel
If two or more cantilever springs are joined in such a way that they have a common
deflection they are said to be connected in parallel and the load carried is shared between
the springs.

For wear testing applications the most common arrangement is that of

cantilever springs in parallel [131, 149, 151]. From earlier work for AISI303/EN58E
stainless steel the spring constant for two such springs in parallel is 12.48 N/m.
Table 4.1 demonstrates that by selecting different materials and dimensions a
variety of spring cantilevers can be produced with different spring constants and
characteristics. Another requirement of a cantilever designed for material testing is that it
has an appropriately high resonance, which is indirectly linked to spring constant, to
reduce inter alia effects such as noise.
Material
(Goodfellows)

Dimensions
(mm)

Ni Wire
W Wire
Au Wire
Stainless Steel
(EN58E)
Stainless Steel
(EN58E)
Aluminium
(A1000400)
Copper
(Cu000470)
Nickel
(Ni000450)

4 X 0.25 Dia
5 X 0.05 Dia
5 X 0.05 Dia
10 X 1 X 25//m

200
340
80
200

Tungsten
(W000240)

Young's
Mod.
E (GPa)

Density
(g/cm^)

Spring
Const.
k (N/m)

Natural
Frequency
(kHz)

7.93

5000
105
25
0.82

7.93

10 X 1

X

50pm

200

7.93

6.24

16.0

10 X 1

X

50pm

71

2.70

3.44

15.5

10 X 1

X

50pm

130

8.96

4.05

12.1

10 X 1

X

50pm

200

8.90

6.23

15.0

10 X 1

X

50pm

411

19.30

12.84

14.9

Table 4.1 The calculated spring constants and resonance frequency for various cantilever designs.

In order to cope with different materials and dimension a program was written in Basic to
determine these characteristics and a testing is shown in Appendix B.
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4.2.7

Mechanical Layout of the MultiTester System

A number of design requirements must be considered in relation to the operation of the
MultiTester and these include:

a simple system of the exchange of cantilevers; the

interaction of the coarse and fine movement; and the overall MultiTester construction.
The overall design of the prototype instrument is shown in figure 4.9. with the key
components labelled.
When designing the support for the cantilever it was important to recognise that
different cantilevers of varying spring constant (k) and resonance frequency (w) around be
used depending on the materials to be tested. There was a requirement therefore that the
prototype instrument provided a straightforward means of cantilever exchange.

The

cantilever was clamped in place on the plate holder using a M3 screw and washer as
shown in figure 4.9. The plate in turn was fixed in position using a leaf spring which
pushes down on the holder plate so that the holder can easily be removed. An additional
feature is the angle on the underside of the holder which provides clearance between the
sample and the cantilever.
The baseplate onto which the 3 Ealing translators are mounted has a number of
fixing positions with the appropiate position selected being based on the size of both the
scanner and sample. The inchworm is mounted using a custom clamp within a shielding
box, that is attached to the translators. The end of the inchworm has a connector plate with
five psockets into which the five pins of the PZT assembly fit.
Once the translators are mounted the initial approach can be made using the Z
translator with the XY translators allowing accurate positioning of the sample. Once the
sample is visibly close enough then the inchworm mechanism takes over the approach of
the sample. The inchworm continues the approach of the sample and PZT assembly until
contact is detected. At this point the PZT tube scanner is used to control the degree of
contact.
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Figure 4.9 Photograph of the various components of the MuItiTester. The XYZ translator, the
inchworm protection box and tube scanner are clearly visible.

4.3

Control Electronics

The computer used for control of the MuItiTester and display of the relevant data is a 33
MHz Twinhead PC with an Intel 486 microprocessor. The computer contains additional
interface cards allowing it to interface with the MuItiTester via the electronic control
system. Figure 4.10 shows a block diagram of the control system required for operation of
the MuItiTester in the standard closed loop configuration used for most tests. It can be
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seen from this diagram that the computer needs at least two different digital to analogue
converters (DACs); one for the X quadrants of the PZT tube and one for the Y quadrants.
The number of DAC bits sets the total number of steps within the dynamic range of the
PZT and hence sets the spatial resolution of the instrument's scans. It was decided to use
16 bit DACs for XY positioning of the PZT. The computer interface with the two DACs
is established through a PC 8255 48 bit programmable input/output card (Flight
Electronics FP-OlO) mounted in the computer. This card also provides the control pulses
for the direction and steps of the inchworm.

Figure 4.10 Block diagram of the overall electronics and control system of the MultiTester.

The computer requires four analogue to digital converters (ADCs) in order to monitor the
topography signal, the contact force during approach, the lateral force signal and the error
signal from the feedback loop. The four ADCs are provided by a PC ADDA-12 card
(Flight Electronics FP-OlO) which is mounted inside the computer. This card also has a
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single DAC for use in a future test to apply a voltage to the PZT tube to produce an
extension in the Z direction without any scanning motion.
Figure 4.11 shows a photograph of the complete MultiTester system.

The

computer operates the PC8255 card which provides TTL level outputs to the DACs, which
then convert the digital inputs into analogue voltages (max ±10volts) which are connected
in turn to the input of the high voltage supply. The high voltage outputs are connected to
the various quadrants of the PZYs. By controlling the DAC outputs using different gain
settings it is possible to obtain different scan ranges on the sample without sacrificing
spatial resolution. The scans are performed by sending a ramping function from the
computer to the DACs which in turn drive the high voltage supplies. The high voltages
applied to the ±X and ±Y quadrants bend the PZT and scan the sample under the tip. As
the sample scans underneath the cantilever deflects vertically as a result of topographical
features.

The topography signal is obtained from the pre-amplifier stage (pre-amp) by

summing the quadrants (A -i- B) and (C -i- D) and subtracting them from each other
{(A+B)-(C-i-D)}. The lateral force signal is similarly obtained from the quadrants {(A-i-C)(B+C)}. Both of these signals are also amplified at the pre-amp stage before being passed
onto the various circuit boards in the rack system as shown in DRG-EL-2.

The

topography signal from the quad-diode will either be monitored to provide data for the
computer in open loop mode or will be used to take corrective action in closed loop mode.
In open loop operation the deflection of the cantilever causes a variation of the
reflected beam on the various quadrants of the quad photodiode and the signal produced is
a measure of this deflection. When operating in this mode no corrective action is taken
and the computer simply monitors the variation in the photodiode signal. However in the
case of the closed loop mode, shown in figure 4.10, the system monitors the signal from
the quad photo diode and attempts to keep the deflection at a constant value.

When the

signal from the photodiode changes from the predetermined value, i.e. the setpoint, a
control loop attempts to correct this deviation by moving the PZT in the Z direction until
the setpoint is again reached. The corrective voltage to the PZT is then monitored by the
computer through the ADDA-12 card.

In both modes the signal monitored by the
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computer is then combined with the voltages used to generate the scan to produce a
representation of the sample.

Figure 4.11 Photograph of the complete MultiTester system.
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Figure 4.12 Rack system with setting for MultiTester electronics.
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For most of the tests performed with the MultiTester the closed loop system is
used to maintain a constant force either in performing the test or where appropriate for
imaging the sample after the test. For example in the adhesive force test no imaging of the
sample is required and as a result no closed loop operation is necessary. On the other hand
in the hardness test the closed loop is only necessary for imaging the indent.

4.4 Vibration Isolation
Three kinds of vibrations should be considered when designing a vibration isolation
system; acoustical vibrations, external vibrations coming through the floor of the building
and internally generated vibrations. Generally speaking, there are four techniques that
have been used in dealing with vibrations:
- plate stacks with elastomer elements [204]
- single stage elastomer
- two-stage spring suspended systems with eddy-current damping [204]
- magnetic levitation utilising the super conducting Meissner effect [205]
- the use of dynamic control to reduce the vibrations [197]
The most common of the two techniques is the metal stack isolator. This consists of
stacks of heavy plates with elastomer (viton) elements between them. The number of
plates used depends on the individual requirements of each instruments. Generally the
high mass of the metal plates attempt to remove the high frequency vibrations while the
elastomer is used for the lower frequency. The alternative to this technique is the use of
the two stage coil suspension system. This construction consists of an inner platform, on
which the instrument sits, which is suspended by a number of coil springs. These coils
are attached to a number of supports which are in turn attached to a second set of coil
spring. In most of the coil spring designs a form of eddy current damping is employed,
generally on the second set of coils attached to the inner platform. While these systems are
well established it is worth noting that simpler systems can be used which are based on the
similar principles.
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The vibration isolation used by the MultiTester is dependent on the application of
the instrument. In the majority of the applications the compact nature and the monolithic
approach to the design meant that no vibration isolation was required. In situations where
it was required, a system was employed which used four elastomers attached to a ring in
the ceiling from which a heavy metal platform was suspended. This provided a very
efficient system for isolating building vibrations.

4.5

MultiTester Software

The software developed for the MultiTester was run on a 33 MHz Twinhead 386 PC using
Borland Pascal for Windows.

Working within the Windows environment had the

advantage of automatically taking care of the operation and interfacing of the hardware of
the computer and thus removing the need for separate programmes for different computer
systems. Working from the Windows environment also had the advantage that some of
the programme routines for dialogue boxes already existed. Borland Pascal for Windows
is the professional version of Turbo Pascal and is used in conjunction with Object Oriented
Programming (OOP) for the present generation of software.
Programming with the Object Oriented Programming (OOP) structure makes it
possible to write compact and easy to expand pieces of software known as objects. These
objects can be seen as special programming modules consisting of both data and
procedures and/or functions that are specially designed to act on that data.

Object

Oriented Programming is more structured than that used in Pascal.
The MultiTester software developed using

the above techniques has major

advantages that put it on a par with many of the commercial systems available. Because
of the degree of complexity in this type of programming development of the software did
not fall within the remit of this project. However a basic understanding of the software
was required in order to make minor changes. The software can be separated into two
parts: image analysis and data acquisition.
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Image Analysis

The image analysis side of the software provides a comprehensive range of functions for
the manipulation and examination of the images obtained. The use of the Windows
environment means that all the commands are visible on the screen when an option is
selected. If additional information is required by the software this can be entered via a
dialogue box, thereby making the operation user friendly. The use of dialogue boxes and
toolbar (the main menu bar containing the commands) makes the software easy to use
and understand, even for a first time user. These dialogue boxes have a similar structure
to the standard dialogue boxes used by other Windows software.
The main toolbar for the MultiTester software is shown in figure 4.13(i) with the
relevant menus for image analysis highlighted. Note that only one of these menus can be
accessed at any one time. The first menu on the toolbar provides the "FILE" operations
that allow previously saved data to be opened and the "SAVE" and "SAVE AS" options
for new data. The "SAVE AS" option allows the data to be stored in a number of formats
which enable the data to be used in a number of commercial packages, including the
TopoMetrix software package. The menu also contains the commands "DELETE" for
deleting files and "PRINT" and "PRINT SETUP" for printing operations. The menu also
contains the "EXIT" command to quit the software.
The second menu "FILTER" offers a number of filter routines that can be used to
process the data in order to enhance the images and is especially useful in the case of
topography. The third menu "ANALYSE" provides the user with a means of displaying
the data in a 3D form where the angle of view can be modified to best depict the important
features.

It also allows selection of a line section at any orientation on the two

dimensional image and performs various calculations on the line to determine specific
roughness parameters such as Ra, Rq and various peak-to-valley measurements. The
corresponding area parameters (Sa and Sq) are also available using the menu
"INFORMATION" on the toolbar. The menu "OPTIONS" on the toolbar offers functions
related to the image and includes items such as colour selection from the "PALETTE"
command.
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Figure 4.13(i) The image analysis functions on the toolbar and (ii) the data acquisition functions.

All of these menus and functions are implemented by compiling the specific units
of the MultiTester program using Borland Pascal. Because of the complexity and size of
the software it is only possible to list the units used for data analysis:
ABORTDLG

- This is the abort procedure required for filter operations.

CONSTANT_RC

- Used to produce the buttons on the dialogue boxes.
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CTL3D

Used with CTL3D.DLL from Microsoft.

FFT

Interface with separately complied procedures written in assembly
language for Fast Fourier Transform.

FILTER

This performs all the filter procedures on the image.

GRAPH

This allows a graph to be plotted of points stored in an array.

HISTOGRA

This plots the colour histogram of the image and allows
modification in order to obtain the best use of the colour bar for the
image.

IMAGE

This allows a zoom, selection of a section and the three
dimensional projection of the image.

INFO

This performs a number of functions (i) display and modify the
scan parameters, (ii) edit infoimation on the image, (iii) allows
user to select the gain settings for the Z gain.

lOFILE

This permits the opening of an old file, as well as saving the data
obtained.

MTCONST

These are global variable for the programme.

MTESTDLL

Produce MultiTester icon on Windows application screen.

MTESTER

Main application window containing all the information.

MTESTIMP

Used in the calculation of surface area.

MYBWCC

Turbo Pascal routine used to produce the dialogue boxes.

OPTIONS

Allows the user select some general options.

PALETTE

Provides 256 colour palettes to the software and displays it.

PRINTER

Prints the contents of a window.

PR0J3D

Performs the display of a three dimensional view of the surface.

SECTION

Displays a section of the scanned surface, calculating the two
dimensional parameters and allows the user to print the
information.

STEPASK

Used in the calculation of the surface arc of a three dimensional
surface.
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STATBAR

Produces a small bar at the end of the main menu indicating the
status of the operation, i.e. time remaining.

TOOLBAR

Produces the Toolbar at the top of the application window.

Data Acquisition
The main toolbar for the MultiTester software which contain the commands for
the data acquisition side of the software is shown in figure 4.13(ii). The majority of the
commands are listed under the menu heading "SCANNING" of which the principal
commands control the operation of the tip approach, scanning and the actual tests. The
first command "SETUP SCAN" allows the user input the various scan parameters while
the "CONFIGURATION"

permits the selection of hysteresis correction and the gain

setting for the PZT tube scanner. "CONTA.CT CONTROL" generates a dialogue box
which can be used for manual or automatic control of the inchworm approach. The
"PRESCAN" allows the user to examine the line scan all the way down the image to
ensure that there is no saturation of the signal. "FASTSCAN" is an option for scanning the
sample without viewing the image while scanning thereby reducing the scan time. The
"SCAN" option allows the user a range of scan options that include a topography scan, a
lateral scan, (out and back for both) and a forescan, all of which are shown on screen
either individually or simultaneously. The menu also contains a "STOP SCAN" along
with the option for the tests. The "TEST" option creates a second menu from which the
various tests can be selected. On selecting a test a dialogue box appears into which the test
parameters must be entered.
As in the case of image analysis the data acquisition functions are implemented
by compiling the specific units of the MultiTester program:
CONFIG

- configures the PZT tube scanner for hysteresis correction and applies
known scales.

FASTSCAN

- Access all the scanning parameters, starts scan and saves or cancels.
No image generated on the screen.
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FORESCAN

- Displays single line scan, which can be scrolled down the image. Also
allows the change of some scan parameters.

GAINED

- Allows the user edit the open/closed loop gain.

GENSCAN

- Performs the various scans and displays the image simultaneously.

lOPORT

- Provides interface between Application and Hardware.

NORMSCAN

- Stores the data from scanning and displays the image, allows access
to all the scanning variables.

SCANNER

- Adds the routines required for the mechanical tests, i.e. Adhesion,
Elasticity, Friction, Adhesive Force, Hardness, and Wear.

SCANWND

- Used in the scanning procedure.

TESTSDLG

- Enters the parameters for the various tests.

TIPAPPRO

- Controls the motion of the inchwonn and hence the approach of the
sample to the tip.
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CHAPTER FIVE

CALIBRATION AND TESTING

5.1

Introduction

In this chapter the procedures required to calibrate the MultiTester are presented together
with preliminary applications data obtained with the prototype.
5.2

Calibration

There were a number of calibration issues that required consideration, namely :
•

XY hysteresis correction

•
•

XY movement of the scanner for the different scan ranges
Z motion of the scanner for the different closed loop gain settings (height
calibration)
Cantilever deflection for the different open loop gain settings (height
calibration)

•
•

Force calibration

Figure 5.1 PZT hysteresis curve.

5.2.1

Calibration of the XY Movement of the Scanner to Correct for Hysteresis

The hysteresis curve for a piezoelectric material is generated by plotting the extension as
the applied voltage is increased and decreased. Figure 5.1 shows hysteresis curves for two
different types of PZT material (hard and soft compositions). The magnitude of the
hysteresis is the difference in extension at any point on the extension versus voltage curve
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as a percentage of the maximum extension. The breadth of the curve is determined by the
material composition. The shape of the curve is also influenced by the operating voltage
range.

Figure 5.2 A topography image and line scan obtained (i) on the outscan, and (ii) on the
corresponding backscan.

In order to understand the problems that hysteresis can cause with regard to the
MultiTester it is necessary to examine two topography images of a diffraction grating
obtained simultaneously on the MultiTester. Figure 5.2 (i) shows a topography image and
a line scan obtained on the outscan while figure 5.2 (ii) shows the corresponding
topography and line scan obtained on the backscan. Scrutiny of the outscan shows that the
^\'idths of the peak profiles decrease from left to right in the image with the reverse being
true for the backscan. This is a direct result of hysteresis and this artifact must be removed
to get distortion free images.
Several techniques have been developed to overcome this problem and they can
be broken into two general classifications: (i) closed loop and (ii) open loop. The closed
loop technique uses a sensor to monitor the scanner position and provides a drive voltage
to the PZT scanner that produces a linear scan displacement. This linear displacement is
achieved by feeding the output of the position sensor to an error amplifier of a closed loop
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electronic controller. The most common position sensors are based on optical detection
1206], capacitance detection {207] and strain gauges. Closed loop techniques are more
complicated to implement than the open loop alternatives discussed below.
The non-linear behaviour of the PZT can be corrected with open loop techniques
either during or after scanning. Kazika et al. [208] suggested inserting a capacitor in series
with the PZT scanner to reduce hysteresis and creep. Unfortunately the latter method has
the disadvantages of requiring higher drive voltages and also decreasing the sensitivity of
the PZT.

Another possible technique involves correction by Fourier transform but

requires the use of periodic samples. The technique employed with the MultiTester is
based on the proposal of J0rgensen et al. [209] and involves taking data on the outscan and
backscan of a calibration sample that has equidistant parallel spacings. This data is used to
derive equations that can then be used to correct future images by providing an
appropriately non-linear voltage drive to the PZT scanner. The general efficiency of this
technique for PZT tube scanners was demonstrated by Hayes [210].
y = 19.3()4x - ().6079()x'^2 R^2 = l.(X)() (Outscan)

y = 0.65833 + 9.2976x R^2 = 1.000 OutScan
y = 0.37500 + 9.3250x R^2 = 1.000 BackScan

y= 10.734X +0.42154x^2 R^2 = 0.999 (Backscan)
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Figure 5.3 (i) The hysteresis curves for the image of figure 5.2. (ii) The hysteresis curve after
corrective voltages have been applied. The second order polynomial equations for these curves are
shown above the graphs.

The procedure for calibrating a PZT tube scanner for the MultiTester involves
obtaining outscan and backscan images of a diffraction grating (as in figure 5.2) for each
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scan range in both the X and Y directions. If the grating peaks are numbered sequentially
and their positions relative to the start of the image determined then a graph can be plotted
of peak displacement against peak number as shown in figure 5.3 (i).

Second order

polynomial equations can then be calculated and used to produce non-linear voltage scans.
The co-efficients of the equations are entered via the software dialogue box shown in
figure 5.4 and the result of such a hysteresis correction is shown in figure 5.5.

By

correcting the data to compensate for the sloped orientation of the grating it is possible to
calibrate X and Y displacements from a single image of arbitrary orientation. To validate
the equations used for hysteresis correction a second set of images is obtained and the
corrected scan images corresponding to figure 5.2 are shown in figure 5.5. In order to
determine the accuracy of correction a plot was obtained as shown in figure 5.3(ii) to
determine the remaining hysteresis. This showed that the remaining hysteresis was 0.5%
with a zero error of 0.4% due to the twisting of the cantilever during turn around.
Configuration of the PZT
Voltage Range

Scales in nm/pixel
Q

0

*i-m.

New

53330E+2
Y:

2.33300E+2

[7^ Delete

Direction of the scan
OK

(SXL->R

r YT->B

rXR->L

T Y B->T

Parameters for the Hysteresis correction
.Cancel

Fig 5.4

Ks

:

[ 2.90000E 2

Factor

:

I

3.49850

X Coefficient

1.22510E+1

X* Coefficient

2.83230E-1

The software dialogue box for entering the co-efficients of the second order polynomial
equation.

The topography image in figure 5.5 shows two interesting artifacts that are
accentuated as a result of the orientation of the optical grating.

The first artifact is

attributed to a change in the sensitivity of the scanner as the scan progresses. Here the
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spacing of the grating is approximately 10% greater at the top (start) than at the bottom. In
order to correct this it is necessary to perform a warm up routine prior to scanning by
exercising the tube scanner. The second artifact appearing in the image is a pin cushion
effect where the grating lines are slightly curved, especially at the corners.

This arises

from the way the X and Y displacements of the tube scanner interact. Comparison of the
bottom and centre line profile of the image shows that this distortion is 6% at the furthest
extremities (i.e. the corner) but it decreases rapidly away from the comers and affects only
10 % of the image. It is possible to correct this distortion by determining coefficients for
each individual line of the image but this would involve entering hundreds of coefficients.
Since the problem affects only a small portion of the image and given that this is a
prototype instrument it was decided to ignore this effect.

58 ijm
57 75 pi IT)

28.87 nm

0 nm

28 87 pim

57.75 pim

Figure 5.5 Image acquired to verify equations used for hysteresis correction.

5.2.2

Calibration of the XY Movement for the Different Scan Ranges

The MultiTester has five scan ranges which up to now have been described in terms of the
voltage range applied to the piezo tube. However, in order for the images acquired to have
any relevance it is necessary to calibrate these voltage ranges in terms of actual distances
moved. This calibration not only has significance for images but also for the values
obtained from the various quantitative tests performed by the MultiTester.
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Each piezo

tube scanner must be calibrated for the distance moved in the X and Y directions and this
is achieved using images of known periodic surfaces. As with the hysteresis correction the
calibration reference used was an optical grating with parallel line spacings.

Figure 5.6 SFM images of (i) 120 lines/mm, (ii) 600 lines/mm, (iii) 1200 lines/mm grating obtained
with a commercial instrument.

The maximum attainable scan range of a piezo tube scanner is heavily dependent
on the length of the scanner. The two tube scanners selected for the MultiTester (lengths
25.4mm and 76.2mm) have two significantly different overall ranges. Therefore in order
to cope with the calibration of the two tube scanners and their various scan ranges a set of
optical gratings (Optometries UK Ltd.) was required.

While each grating had a specified

ruling, thereby allowing the peak-to-peak separation to be calculated, the accuracy of this
ruling was not known. Therefore it was necessary to perform an analysis of each grating
to determine the spacing and the tolerances thereof using a commercial SFM as a working
standard. The commercial instrument, a TopoMetrix Explorer [211] which had been
calibrated by the manufacturer, was used to image the gratings (figure 5.6) and to
determine the actual spacings between the peaks. A statistical analysis was then performed
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on the data and the results are presented in table 5.1. In order to determine the scan range
in the X and Y directions it was necessary to perform scans in both directions. For
example, to determine the distance moved in the X direction for each scan range a series
of operations was carried out. The first involved aligning the grating so that the lines
appeared "vertical" in the image. The line spacing shown in table 5.1 was then used to
determine the scan range. It is important to ensure that the grating lines are vertical when
determining the scan range because off "vertical" the distance between the lines in the X
direction will be greater than the calculated value, as can be seen in figure 5.5, and will
result in fewer lines than expected. This can be corrected using the "tan" rule but for
greater accuracy it is advisable to minimise this effect as much as possible.
GRATING
stated
lines/mm

Calculated
Peak-to-peak
)im

Mean
Scanned
Peak-to-peak

Max. Variation
from Mean
p.m

Standard
Deviation
pm

|Lim

120

8.30

8.13

+ 0.60

0.20

150

6.60

6.55

-0.40

0.17

600

1.66

1.63

+ 0.24

0.12

1200

0.83

0.83

-0.08

0.03

Table 5.1 Calibration data for the optical gratings.

The results for the different voltage scan ranges of the long tube scanner are
shown in table 5.2. An interesting feature illustrated in table 5.2 is the difference between
the sensitivity of the X and Y elements of the tube scanner which if uncorrected would
result in a rectangular scan area for equal X and Y voltages. As this calibration procedure
is detailed and time consuming it is usually carried out in tandem with the hysteresis
correction. The calibration information must be entered into the software to enable the
image to be displayed with the appropriate dimensions and to ensure that subsquent image
parameters are calculated correctly. The dialogue box shown in figure 5.4 is used to enter
the scan lengths which are then saved as a preference file relevant to that particular
scanner.
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Scan Length X
(lim)

Scan Length Y
(ftni)

Percentage Increase
of X w.r.t. Y (%)

130

52.0

45.6

14

108

42.7

36.7

16

80

28.4

26.3

8

50

17

15

13

30

8.2

6.3

30

Voltage Range
(± Volts)

Table 5.2 Calibration of XY Scan Ranges.

5.2.3

Calibration of the Height

The MultiTester has been designed for both open and closed loop operation. These modes
have been discussed in section 4.6.1 in relation to their electronic layout and are necessary
because of the requirements of certain tests. As the MultiTester can acquire topographical
information in either mode it is necessary to calibrate both modes. While the calibration
procedures are similar there are issues which necessitate independent discussion of each
mode. It is emphasised at this stage that in open loop the force acting between the tip and
the sample is not controlled and sample damage can result.
Open Loop

In open loop the sample is scanned using the calibrated XY motion and the topographical
features on the sample cause the deflection of the cantilever. This changes the position of
the beam on the photodiode and the resulting topographical {(A+B)-(C+D)} signal is used
to generate a three dimensional representation of the surface. The {(A+B)-(C+D)} signal
generated by the pre-amp stage passes through a further electronic circuit, as discussed in
section 4.6.1, where a variable gain amplifies the signal. It is the signal from the pre-amp
and the twelve gain settings that must be calibrated in open loop mode.
The twelve gain settings are the primary considerations in calibration of the open
loop mode. However this is based on the assumption that the {(A-i-B)-(C+D)}signal from
the pre-amplifier is constant and this is not always so. It is important to realise that the
nature of the optical detection system is such that any changes in the light intensity of the
laser or in the position of the laser spot on the cantilever will affect the {(A+B)-(C-f-D)}
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signal from the pre-amp in a manner similar to changing the electronic gain. The gain
associated with the optical system is referred to as the optical gain.

The open loop

calibration procedure involved mounting the cantilever and aligning the optics. An optical
grating is placed on the top of the piezo tube and sets of line scans are recorded for each
gain setting for each scan range. As the heights of the gratings are known, the recorded
linescan can be used to possible to determine a calibration for each Z gain setting. The
values determined are entered into the dialogue box shown in figure 5.7.

Gain Selection Editing
jCl.OSED Loop Editing

1 |[3Ei]
DIALOG 1
Which Gain Settings Do You Wish To Modify?

CLOSED
LOOP

OPEN
LOOP

.Cancel

2

[4220

3

'

3220

4

2180

5

1880

6

1650

7

1470

8

1320

9

11200

OK

[Cancel

10 |ll00
11 [0
12 [0

Figure 5.7 (i) The dialogue boxes for selecting the operating mode (left) and (ii) for entering the gain
values for closed loop operation (right).

Closed Loop

Closed loop operation differs significantly from open loop operation in that corrective
action is taken to maintain the cantilever deflection at a constant value. It is the corrective
action signal to the tube scanner which is used to generate the image of the sample.
Nevertheless, the procedure for calibrating the closed loop is similar to the open loop
procedure. Once contact is made with the grating, closed loop is activated and the setpoint
to the controller is adjusted until the desired contact force is reached. The procedure is
then the same as for open loop.
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Optical Grating

The images obtained by the TopoMetrix Explorer of the optical gratings were used to
determine the accuracy of the heights and an analysis of these is presented in table 5.3.
GRATING
stated
lines/mm

Mean
Scanned
Peak-to-peak
pm

Mean
Height
nm

Max. Variation
from Mean
nm

Standard
Deviation
nm

120

8.30

2686.81

+ 244.56

136.60

150

6.60

315.26

- 52.82

17.01

600

1.66

162.13

-48.9

20.79

1200

0.83

295.27

+ 34.41

11.43

Table 5.3 Analysis of the heights from optical gratings.

5.2.4

Force Calibration

The final calibration procedure is to determine the force that the cantilever tip exerts on the
sample. This can be achieved by attaching known masses onto the cantilever at the tip
position and monitoring the deflection via the output (in millivolts) from the optical detection
system. It is also possible to determine the force from the spring constant of the cantilever.
Determining the spring constant also requires the determination of the load versus output
relationship but in this case the output is converted into an actual displacement (in
micrometres).

Because of the similarities in both methods and the necessity to

experimentally verify the spring constant theoretically calculated in section 4.5.2,

the

procedure and calibration results presented here will be those used to determine the spring
constant. However for most of the applications reported in this chapter the first calibration
method was used.
The initial requirement is to determine the relationship of the deflection of the
cantilever (measured by the {(A+B)-(C+D)} signal from the optical system in mV) to the
actual deflection of the cantilever. This involved placing a known step height, in this case a
metallic foil slip gauge of 40pm thickness, in the sample position and making contact. The
{(A+B)-(C+D)} signal was noted, the slip gauge was then carefully removed from beneath
the tip and the new deflection was noted. The difference between the initial and final {(A+B)(C+D)} signal corresponded to the step height of 40pm. It is of crueial importance to
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remember that the calibration is only valid as long as the alignment of the optical system is
not changed. Table 5.4 highlights the difference in the {(A+B)-(C+D)} mV signal for the 40
pm step height for various positions of the laser on the cantilever.
Experiment
No.

Step
Height
(pm)

Difference
Initial
Final
Deflection
{(A+B)-(C+D)} {(A+B)-(C+D)} {(A+B)-(C+D)}
Ratio
signal ( + mV)
signal(mV)
signal (- mV)
(nm/mV)

1

40

185

185

370

108

2

40

200

680

840

48

3

40

0

800

840

48

4

40

500

500

1000

40

Table 5.4 The difference in the {(A+B)-(C+D)}niV signal for the 40 pm step height for various
positions of the laser on the cantilever.

With the relationship between the mV deflection and its corresponding nm
deflection established it is now possible to determine the spring constant of the cantilever
thereby allowing the conversion of the deflection of the cantilever into a known force.
This is achieved by obtaining the force/displacement characteristics from an in situ
gravimetric calibration. This involves placing known masses on the tip and monitoring the
effect on the{(A+B)-(C+D)} mV signal. It is important to remember that the alignment
arrangement must not change between this and the previous calibration step. The masses
were obtained by crushing a sapphire sphere and selecting different size pieces, the exact
mass being determined using a laboratory balance (Mettler AE160). A dab of Vaseline
was then placed on the end of the cantilever and the initial {(A+B)-(C+D)} mV signal was
noted. The first mass was attached to the cantilever using the Vaseline and the final
{(A+B)-(C+D)} mV signal was monitored. This was repeated for the various masses and
table 5.5 lists the various masses and the associated {(A+B)-(C+D)} mV deflection
signals. Finally the {(A+B)-(C+D)} mV signal was converted into the corresponding
deflection in micrometres and these values are also shown in table 5.5. A graph was then
plotted of the deflection (pm) against the force (mN), as shown in figure 5.8, and the
slope was determined. This slope is a measure of the spring constant of the cantilever.
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Mass
xlO'®

Force
(mN)

(Kg)

Difference
Final
Deflection
Initial
(pm)
{(A+B)-(C+D)} {(A+B)-(C+D)} {(A+B)-(C+D)}
signal (mV)
signal(mV)
signal (mV)

0.5

0.005

62.62

70.7

8.08

0.32

2.8

0.027

44.77

108.56

63.79

2.55

8.1

0.079

-11.31

160.66

171.97

6.87

8.3

0.081

-6.37

175.55

181.92

7.27

16.4

0.164

-7.53

367*

360*

14.40

Table 5.5 Results for gravitational calibration of cantilever. * denotes where an oscilloscope was used
because the LCD display was saturated.

The spring constant for the double spring cantilever made from EN58 foil was determined
from the slope of the above graph to be 11.24 N/m. This compared favourably with the
theoretical value of 12.48 N/m calculated for this cantilever in section 4.2.6.

Deflection pm

Figure 5.8 The force/displacement characteristics of a parallel type stainless steel cantilever
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5.3

Application of the MultiTester

5.3.1

Topography

Software

The first crucial component of the software is the data acquisition part where information
from the surface is used to form an image. The second crucial component of the software
is the image analysis section. Without this element the images would remain qualitative
and be of limited value. The standard means of displaying the data is to produce a two
dimensional top view representation of the surface with the heights portrayed using a
colour bar. This colour bar is arranged so that the spectrum of colours available represents
the full range of the data. Figure 5.9 shows a particularly rough plasma sprayed coating
surface depicted using the MultiTester's two dimensional image display. Within the image
analysis section there are some additional features which are required to enhance the 2D
representation. These include filter routines for removing noise, a "tilt" function which
removes sample tilt mathematically and an optimisation routine for adjusting the colour
bur to fit the data used in a processed image.

Figure 5.9 2D image of the topography of a plasma coated sample
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It is worth noting that during data acquisition the user has a number of options
available, one of which allows the display of the surface in this format along with a
profile window if required. If this option is selected a 2D box appears on screen and
during the scan the data obtained from each line is plotted consecutively on the 2D image
box, similarly to that illustrated in figure 5.9. The profile box plots these consecutive lines
individually on the screen as they are performed.

An additional feature of the two

dimensional image is that it is possible to select a line section at any orientation anywhere
on the image and then view the profile of this line by selecting the "Section" option under
the "Analyse" command on the menu. This is a useful tool for examining features of
interest on the surface. An example of this feature is shown in figure 5.10 where a
window opens with a plot of the line section shown, it is possible with the aid of a cursor
to select various positions on the profile and determine both the lateral and vertical
displacements. The "Section" option also automatically displays four of the most common
2D roughness parameters for the line profile that is displayed.

.^2C1G_4 Section

Distance :

Amplitude :

Min : 0 pm
Length : 68 pm
SD : 5 pm

Max: 21 pm
Mean : 12 pm

Ra : 3.99478 [im

Rq : 4.52296

Rsk: 6.95251 E-3

Rku: 1.71573

Figure 5.10 Section line taken from 2D image of plasma coated sample (2C16_6). Note the roughness
parameters and the cursors for measuring the dimensions.
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A key factor of SPM systems is their ability to display the 3D characteristics of
the surface and to provide 3D parameters that enable the intercomparison of surfaces. The
MultiTester software allows the data obtained to be displayed in 3D format as shown in
figure 5.11. The viewing angle of the 3D image can be modified to examine different
orientations, a feature that allows the user gain a better understanding of the surface.
While this display feature is a useful tool it is important that various 3D parameters are
developed which allow a quantitative assessment of the surface. A European Union report
on the development of 3D parameters for various industries was an attempt to standardise
this new area [3] and recommended approximately fifteen 3D parameters for surface
characterisation. The MultiTester software incorporates the most commonly used of these
parameters and figure 5.12 shows four 3D parameters for the image calculated by the
MultiTester software.

2C16 4 3D View

21042
0 nm

Figure 5.11 3D representation of plasma coated sample

106

The above discussion has dealt primarily with various techniques for the
presentation and calculation of the data. This is an essential prelude to the discussion of
the performance of the MultiTester in determining the topography of the surface. The
MultiTester has powerful stand alone software equipped with data acquisition, display,
levelling and filtering routines that have been developed for specialist needs. However the
images presented from here on, unless otherwise stated, will be displayed using the
commercial TopoMetrix Explorer software as it provides better graphics due to the use of
a specialised graphic card that was unavailable for use with the MultiTester.
3D Information
Arithmetical mean deviation (Sa]

I

2^55

Rms deviation (Sq)
3.96
Skewness [Ssk]
2.33
Kurtosis [Sku]
9.45

OK

Figure 5.12 Shows the 3D parameter calculated for plasma coated sample (2C16_6).

MultiTester Performance

To evaluate the performance of the MultiTester it is necessary to compare its results with
those from a commercial instrument.

Towards this end two different samples were

selected and then imaged on both the MultiTester and the TopoMetrix Explorer [211] at
two different scan ranges. The results obtained are intercompared in this section and are
particularly useful in that they highlight some of the dangers in interpreting the results
obtained from surface profiling systems.
The samples used consisted of a copper coating deposited onto two different
substrates. The first sample SI is deposited on a tungsten (W) substrate while the second
sample S2 is coated onto a titanium nitride (TiN) substrate.
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Sample SI did not have a

uniform coating over the complete surface and seemed to have three distinct regions where
the coating varied from a dark stain region (i), to a dull region (ii) and then to a bright
region (iii). On visual inspection sample S2 had a very shiny appearance and seemed to be
uniform over the whole of the surface.
SFM imaging of samples S1 and S2 was performed using the short and long range
scanners of the MultiTester and the TopoMetrix Explorer.

Sample SI was examined at

the 3 jim (nominal) scan range using the MultiTester and the Explorer, the areas selected
for imaging on the sample being within the bright region (iii) where the coating appeared
to be more uniform. The corresponding Explorer and MultiTester images for this sample
are shown in 3D format in figure 5.13 while 2D MultiTester and Explorer images of
sample S2 obtained at 2.5 |j.m range are shown in figure 5.14. As examining such small
areas may result in large variations in roughness parameters, especially if the features are
relatively large, it is usual to image a surface at a large scan range in order to better
understand the surface's character.
Indeed it is necessary to use two different scan ranges for samples SI and S2 as
there is a significant difference in the relative size of the features on the two surfaces.
Generally, the lateral resolution of an image is determined by the scan range and the
number of pixels used to generate the image. At very high magnification it will be set by
the tip radius and other instrumental parameters. A nominal scan range of 8 jim was
selected for the S2 sample as a larger scan range would have resulted in a loss of detail.
This can clearly be seen from the Explorer images of sample S2 that are shown in 2D
format in figure 5.15. The features shown in the Explorer image are relatively small and
increasing the scan range would as a consequence reduce the definition. Figure 5.16 shows
two 2D representations of the different areas on the S2 sample along with their
corresponding roughness parameters. The dark stained area (region (i)) showed a larger
spacing between grains and this region was selected and imaged using both the
TopoMetrix and MultiTester instruments. The images obtained of this region are shown in
3 dimensional format in figure 5.17.
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(a)

322.72 nm
161.36 nm

3 nm

1.5 nm

MultiTester Image of S2 (Cu on TiN)
Area Sa
: 34j62 nm
Area RMS : 4344 nm
Avg. Height : 178.72 nm
Max Range : 322.72 nm

0 nm

(b)

529.9 nm
264.95 nm
0 nm
2900 nm

29130 nm

TopoMetrix Ebqilorer Image of S2 (Cu on TiN)
Area Sa
Area RMS
Avg. Height
Max. Range

:
:
:
:

56.54 nm
72j68 nm
230.28 nm
5295>0 nm

0 nm

0 nm

IFigure 5.13 3D representations of (a) MultiTester and (b) Explorer topography images of sample SI
obtained at the 3 pm scan range.
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2.52 nm

2501.25 nm

1.26 iJim

1250.62 nm

0 um

0 nm

0 nm

1.26 nm

0 nm

2.52 nm

1250.62 nm

2501.25 nm

(b) Data obtained using TopoMetrix Explorer
14.46 nm
Area Sa
18.44 nm
Area Sq
Avg. Height
64.63 nm
Max. Range
149.30 nm

(a) Data obtained using MultiTester Instrument
9.00 nm
Area Sa
12.32 nm
Area Sq
Avg. Height
38.19 nm
127.00 nm
Max. Range

Figure 5.14 (a) & (b) MultiTester and Explorer images of sample S2 (copper coated on TiN substrate)
obtained at the 3 )jm scan range.

7.78 nm

3.89 nm

0 nm

3.89 nm

7.78 nm

(b) Data obtained using MultiTester
Area Sa
7.74 nm
Area Sq
11.29 nm
Avg. Height
31.97 nm
152.57 nm
Max. Range

(a) Data obtained using TopoMetrix Explorer
Area Sa
: 12.66 nm
Area Sq
: 16.03 nm
Avg. Height
: 56.62 nm
Max. Range_______ ; 187.62 nm_________

Figure 5.15 (a) Explorer and (b) MultiTester images of sample S2, copper coated on TiN substrate,
obtained at the large scan range. Note: The MultiTester shows larger grain sizes due to tip
broadening as a result of using a tip with a large radius.
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30 nm

30 Jim ^

15 |im

15 nm

0 nm

0 nm
0 nm

15 urn

30

(b) Data obtained using TopoMetrix Explorer
Area Sa
: 130.60 nm
Area Sq
: 154.60 nm
Avg. Height
: 364.10 nm
Max. Range__________; 946.25 nm_______

(a) Data obtained using TopoMetrix Explorer
27.52 nm
Area Sa
37.17 nm
Area Sq
Avg. Height
162.63 nm
Max. Range
410.57 nm

Figure 5.16 2D images of (a) bright and (b) dark regions on sample SI with the TopoMetrix Explorer.

The initial images and roughness values for the S2 sample using both instruments at the
3|im scan level show clear differences. Figure 5.14 shows that the surface of the S2
sample is smooth and that the Sa values obtained from the two instruments differ by about
37%. The nature of this intercomparison is such that it is not possible to examine exactly
the same area with the different instruments as there is no means of relocating them.
However it is highly unlikely that this could account for the 37% difference in the result.
This is especially so when you consider the fact that the sample is extremely smooth and
seems to be uniform over the complete surface area.
This was further reinforced by the variation in the results obtained for the SI
sample. As already stated the surface of this sample consisted of three different areas.
The images and roughness valves presented in figure 5.13 (a) & (b) are representative of
the bright area (iii) of the sample which seemed to be more uniform with a small standard
deviation. Again in these results the MultiTester instrument has underread the size of the
features and resulted in a 34% difference in the area Sa. Another interesting feature of the
data obtained in figure 5.13 is that the lateral dimensions of the features appear to be
slightly larger in the MultiTester image.
Ill

(a)

855.24 nm
427.62 nm
0 nm
19.98 nm

19.98 urn

MiiltiTester Image of Sl(Cu on W)
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Fig 5.17 3D representations of (a) MultiTester and (b) Explorer topography images of sample SI,
copper coated on Tungsten substrate obtained using the long range scanners.
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The above effects were also evident in the images obtained with the long range
scanner. This was particularly so in the case of sample S2 as shown in figure 5.15 where
the Sa roughness obtained with the MultiTester is 38% smaller than the Explorer value.
Furthermore the lateral dimensions of the features are much larger in the image obtained
with the MultiTester.
Additional care was required with the examination of the SI sample due to
variations in the uniformity of the coating. Images and roughness values of both the
visually bright (iii) and dark (i) regions on this sample were obtained using the Explorer
instrument and are shown in figure 5.16. A comparison of these two areas reveals large
variations in Sa for this coating and a considerable difference in the character of the
surface. It appears that the structures in the dark region have much larger lateral and
vertical dimensions and there is a reasonable large separation between them The regions
between the features is relatively flat which seems to suggest that the coating is not
unifomi with the region between the features probably being the underlying substrate.
Because of the large separation between the features and the size of the structure, this
region was selected for comparison between the two instruments.
Figure 5.17 shows two images obtained for the dark region of sample SI using
both instruments.

Their roughness values indicate little difference between the two

instruments in terms of the vertical heights which conflicts with the previous result where
differences of 37% existed. While the heights and the roughness values are similar there is
a variation in the lateral dimensions of the grains which is consistent with previous
results. In most of the data presented the MultiTester has underestimated the roughness by
at least 34% in comparison to the Explorer results. The only variation in this appears to be
with the dark region of sample SI for which the roughness obtained by the two systems is
similar. However it is worth noting that the lateral dimensions of all the images acquired
with MultiTester appear larger than for the Explorer instrument.
The large difference in some of the roughness values between the two systems
could be taken to imply that the MultiTester calibration is not correct. However the fact
that the roughness values shown in figure 5.17 (a) & (b) are similar for both instruments
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indicates that the problem lies elsewhere, especially if the earlier observation of large
spacings between the surface features is considered. The latter would seem to suggest that
the tip is the main factor contributing to the observed differences in roughness values from
the two instruments. This is further reinforced by the fact that the lateral dimensions in the
MultiTester image always appear larger than those in the TopoMetrix images.
Tip Ejfects
When examining results from any profiling instrument it should be noted that there are
scanning parameters and imaging artifacts that may limit the performance of the
instrument. In relation to the above results it is necessary to consider the effect of the
profile and dimensions of the tip since the two instruments had different cantilever/tip
assemblies.

The TopoMetrix system used a standard silicon nitride tip while the

MultiTester used a custom stainless steel cantilever with a diamond tip. The features and
characteristics of these cantilever/tip assemblies are shown in table 5.6.
Instrument
TopoMetrix
Explorer
MultiTester

Cantilever
Tip
Material
Silicon
Nitride

Thickness
pm

Width
pm

Length
pm

Tip
Shape

2.0 - 2.6

48.0 - 50.0

441.0

Conical
Angle

Stainless
Steel &
Diamond Tip

50

1000

5000

Four sided
pyramid
80 deg.
angle

Tip
Radius
nm
50

Spring
Const.
N/m
0.032

100

6.24

Table 5.6 Characteristics of both cantilever/tip assemblies in use.

Table 5.6 highlights the difference between the two cantilever tip assemblies,
especially in terms of the radius of the tip. The tip radius can affect the images of surface
features in two ways: firstly the tip profile can be superimposed on isolated features; and
secondly the tip can act as a filtering system as shown in figure 5.18. When a tip is
scanned across a sample the radius of the tip will determine the scale of features that can
be detected and as a result will filter out a certain amount of information from the data. If
the tip radius is large, i.e. lOOnm in the case of the MultiTester, it will have a number of
consequences for the data obtained.

The first major consequence is that the tip profile

will be superimposed on the surface feature and this effect is evident in all of the images as
the MultiTester images show larger lateral dimensions than those of the Explorer. Another
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major consequence of the tip is that it will not detect vertical features that are small
relative to the tip radius (i.e. small cracks).

The latter consequence is also indirectly

linked to the aspect ratio of the tip where the lateral/vertical ratio of the tip can result in a
situation where the tip cannot probe to the bottom of a feature. As a result vertical heights
of compact structures will be underestimated to an extent that depends on the type of
sample being examined. All the Sa values obtained, except those of figure 5.17, show
that the Explorer images have larger Sa values and this is consistent with the above
explanation given that the TopoMetrix tip radius is smaller than that of the MultiTester.

Figure 5.18 The effect of tip radius (a) and the aspect ratio (b) on surface features.

Two other factors would seem to support this explanation.

As previously

mentioned there is an increased size of the lateral dimension in the MultiTester images that
is attributed to the fact that the shape and size of the tip is superimposed onto smaller
features.

The difference between the lateral dimensions of the MultiTester and the

Explorer can be seen clearly in figure 5.15.

The second factor that supports the above

conclusion is figure 5.17 where there is no variation in the Sa value between the two
instruments. This can be attributed to the fact that this surface differs significantly from
those examined in the other comparison. In this image there is a much larger spacing
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between the grains and hence it is possible for the MultiTester tip to reach the bottom of
the features. While it is possible to improve the topography performance of the system by
using a cantilever/tip assembly with a sharper tip it was not possible in the MultiTester due
to the need to use the extremely hard diamond tip for the wear and hardness tests.
System Flexibility and Operating Modes

As discussed above the diamond tips present a difficulty in terms of scanning rough
surfaces due to their tip aspect ratio. The tip aspect ratio refers to the ratio of the width of
the tip to the length. The diamond tips generally used have an included angle of 80
degrees and hence a low tip aspect ratio. The means that the tip is short relative to the
width and consequently will have difficulty in probing the bottom of a valley whereas a
high aspect ratio tip will be much sharper. This was experienced in the case of coatings
from a particular project where the diamond tip produced the scan artifact shown in figure
5.19(a). The < shaped features in the image arise because the tip and cantilever are
imaged by the features on the surface. Using the MultiTester identified this effect and
highlighted the problem of using mechanical profilometer to evaluate such samples. Line
profiles produced from a profilometer gave no indication of the problem and as a result
severely underestimated the roughness.
cantilever/tip assembly was prepared.

To cope with these samples a modified
In the modified assembly the cantilever was

manufactured from 50pm aluminium foil of dimensions 3mm by 7mm and the tip was
produced by chemical etching tungsten wire of diameter 0.1pm using potassium
hydroxide. The tip was glued in place using an epoxy adhesive. The results obtained from
this tip are shown in figure 5.19(b).
However in using the TopoMetrix instrument to measure the roughness of this
sample a further problem was encountered. The TopoMetrix Explorer has a maximium Z
scan range of 14pm which was too low for the sample. While this sample was also outside
the closed loop Z range of the MultiTester this instrument was able to image the coating in
open loop mode. As the sample was hard no damage occurred.
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Figure 5.19 MultiTester topography images obtained of coated sample using the diamond(left) and
tungsten (right) tips.

Closed Loop versus Open Loop Topography

The operation of the closed loop mode has been outlined in section 5.2.1. There are two
advantages that closed loop operation has over open loop. The key advantage of closed
loop is that the force exerted on the sample by the tip during scanning is kept constant by
controlling the Z position of the scanner. This is important because even at light forces or
loads the tip can exert a large stress on the sample surface and can cause damage. This is
due to the fact that the stress is directly proportional to the load and inversely proportional
to the area of contact. The area of contact is influenced by the tip radius and as the tip
radius decreases the stress on the surface increases. Therefore in order to prevent surface
damage it is advisable to make contact at light loads which are then maintained at a
constant value by closed loop scanning.

This differs from open loop where no effort is

made to control the force on the sample.
Figure 5.20 shows closed and open loop topography images of a very thin copper
mesh with 12pm spacing. It is obvious from the right hand image that there is extensive
distortion in the open loop image while the closed loop has relatively little distortion in
comparison. There are two reasons for the amount of distortion: firstly open loop imaging
requires the application of a nominal load sufficient to ensure that the tip remains in
contact even if there is a slope in the sample; and secondly the load varies with the
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topography and slope of the sample. Figure 5.21 shows closed and open loop topography
images of a sample containing gold coated 1.01pm latex spheres. The closed loop image
was taken first and many latex particles are evident, their triangular shapes being the result
of tip imaging by the diamond tip. The equivalent open loop image shows many holes
where latex spheres have been removed by the tip as a result of the indeterminate load.
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Figure 5.20 (a) Closed and (b) open loop MultiTester topography images of a copper mesh with an
approximate spacing of 12 pm.
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Figure 5.21 Closed and open loop topography images of a sample containing 1.01pm gold coated
spheres obtained with the MultiTester.
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There is a further advantage of closed loop which relates to the accuracy of the
result obtained. In open loop there is the danger that the detection system may induce
inaccuracies or artifacts that are not related to the surface. For example, the optical gain
may change as the laser beam moves across the quadrants of the photo-detector i.e. a Inm
movement at the centre of the quadrants may not produce the same signal at the outside
edge of the quadrant. Also as the laser beam moves over the cantilever the topography of
the cantilever surface may be superimposed on the signal. These problems are avoided in
closed loop as the controller endeavours to keep the cantilever at the same position.
However with care the problems with open loop can be minimised.
When using the open loop operation of the MultiTester the only factors limiting
the height of features that can be measured is the maximium deflection of the cantilever,
the diameter of the photodiode and the gain used to amplify the signal. As the first two
parameters are fixed the only scope for adjustment is the gain. The gain can be altered in
two ways: the first is a tedious operation where the electronic gain is altered by changing
resistors; while the second is easier to implement as it requires reducing the voltage supply
to the laser thereby altering the intensity of signal to the photodiode (i.e. optical gain).
While the ability to change the optical gain is an advantage it does present a difficulty in
terms of calibration. If there is modification or adjustment to the optical detection system
then a new calibration must be performed.

5.3.2

Friction/Lateral Force

The MultiTester is

able to perform lateral force and topography measurements

simultaneously or independently. The setup procedure for performing lateral force
measurements is very similar to that for obtaining topographical information. The only
variation is the selection of the lateral force option from the dialogue box shown in figure
5.22. An image box is then displayed for the lateral force data, or in the event of also
selecting topography two boxes appear, and the data is then displayed as the scan is
performed. It is worth noting that in order to properly interpret lateral force images it is
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usually necessary to examine the topography information as well as the topographical
information can mix with lateral force information and vice versa.
Type of Scans

Left to Right

Right to Left

Topography Profile

r

r

Topography Scan

r

r

Lateral Force Profile

r

r

Lateral Force Scan

r

r

1 GO

||(^Cancel

y Set Up...

Figure 5.22 shows the dialogue box for selecting lateral force.

For example if the lateral force and topographical images of an optical grating,
shown in figure 5.23 are examined the relationship between the two can be seen clearly,
d'he very bright lined features in the lateral force image, representing a higher co-efficient
of friction, correspond with the lines shown in the topography image. The lines on the
optical grating are produced on a soft epoxy surface using a replication technique from a
master blank. The upper layer of the replica provides a uniform coating over the whole of
the substrate and in principle no feature should be visible in the lateral force image. The
first noticeable features are the lines in the lateral force which correspond to the actual
lines of the grating in the topographical image. As the material is uniform across the
grating these lines are false and result from a tip/sample interaction. If the tip makes
contact with a reasonably flat surface all of the normal force acts vertically through the tip
and any lateral forces are a direct result of twisting caused by frictional forces as the tip
sticks to the surface. However when the tip makes contact with the slope of the grating
lines the point of contact with the tip changes to a side contact. The result of this side
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contact is that a component of the normal force now acts in a lateral direction causing a
twist of the cantilever which w ill appear in the lateral force image.
The second feature of interest is in the centre of the image. The lateral force
image shows a region of a slightly lighter shade than the dark background.

If this

information is taken in conjunction with the topography information then the images imply
that a particle of contamination is present.
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Figure 5.23 (a) & (b) The topography (left) and lateral force (right) images of an optical grating with
some damage in the centre of the image.

A European project required the analysis of the fibre orientation of a carbon
reinforced epoxy matrix produced using injection moulding. These samples were polished
and then imaged with the resulting topography and lateral force images shown in figure
5.24. While the topography images shows indications of the fibres they are difficult to
identify. With the lateral force image the topographical features are not detected to any
significant extent but the difference between the hard carbon fibres and the soft epoxy
matrix is clearly highlighted.
When used in conjunction with the topography this feature provides useful
additional information about surfaces by revealing how the composition of the surface
varies. The only difficulty is that while this technique may identify such differences
variations in alignment, contact, etc. make it difficult to obtain a quantitative result for
comparision with other samples.
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Figure 5.24 (a) & (b) The topography and lateral force images of carbon fibres in a epoxy matrix.

5.3.3

Adhesive Force Measurement

Force curves are obtained by moving the sample towards the tip with a controlled Z
motion of the tube scanner and recording the resulting deflection of the cantilever. The
cantilever deflections are recorded and the forces experienced between the tip and the
sample are determined from the deflection (and spring constant) of the cantilever. The
adhesive force is the force required for the contact to be broken and is determined from
the maximum deflection of the cantilever as the tip moves away from the sample.
To perform the adhesion test it is necessary to slightly modify the electronics by
providing computer control of the Z motion of the PZT. In order to achieve this the input
to the high voltage supply is modified by providing a digital ramp to the high voltage
supply from the output of the digital to analogue channel (DAC) of the PC ADDA-12
card. The resolution of the ramping steps will depend on the software and electronic
options selected.
The portion of the dynamic range of the PZT available for the Z motion is
determined by the scan range settings chosen. If the largest XY scan range is selected then
there is only a small Z range available to perform the test. In practice it is advisable to use
the smallest scan range as this gives the largest dynamic range for the Z motion although it
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does introduce another difficulty. Generally the software displays the full range of the
available tube scanner extension along with its accompanying forces. However, since the
display capability is limited and the event of interest may only occur over a small portion
of the extension obtaining detailed information on that event may be hindered. In order to
enhance the display of the event a new interactive window is used which allows the
operator to interact with the hardware via the computer as shown in figure 5.25. Initially
the test requires that the sample be moved towards the cantilever using manual control of
the inchworm until contact is detected. Once contact is detected the sample is again
backed off a small amount. The 'Adhesive Test' option under the heading 'Scanning' on
the menu bar is selected which results in the appearance of the interactive window shown
in figure 5.25. Initially selecting the ' Force Curve ' button results in the display of a force
curve of the complete extension of the PZT. However the interactive capabilities of this
window allow the operator to use the mouse to zoom into a region of interest.
Force Curve Generation
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Figure 5.25 The interactive window used to perform force curve measurements.
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ms

The results presented in this section illustrate typical variations

in the force

curves that are obtained from different samples. The first sample used to generate a force
curve consisted of a gold coating. The resultant force curves for the interaction between
the diamond tip and gold surface are shown in figure 5.26. The vertical axis represents the
force on the cantilever while the horizontal axis represents the movement of the sample
towards the tip. The movement of the sample is in arbitrary units. Examination of the
force curve in figure 5.26 shows that as the sample approaches the cantilever/tip (blue line)
no attractive (i.e. negative going) forces are experienced by the tip and the contact is
gradual and referred to as "sliding into contact". After contact the sample continues in this
direction and the tip experiences a repulsive force indicated by the rising blue line on the
graph. The features and characteristics of this line can be used to analyse the elastic and
plastic deformation as well as the hardness of the surface.

This continues until a

predetermined point where the sample is retracted as indicated by the red line. As the
sample retracts a point on the curve is reached where the tip separates from the sample
and breaks contact in a gradual fashion referred to as "sliding out of contact". It is obvious
from the above graph that the point at which contact is broken is lower than the point at
which contact is made and this is due to the sample adhering to the tip.

The cantilever

deflection when the sample releases the tip is a measure of adhesion between the two
materials and is known as the adhesive force.

In the case shown in figure 5.26 the

adhesive force is approximately 40nN.
Three other materials were examined using the diamond tip with the first to be
discussed being a palladium surface.

The force curve for the diamond/palladium

interaction (figure 5.27) is in dramatic contrast with the previous force curve for gold. At
a certain point in the sample approach the long range attractive forces are sufficient to
overcome the spring constant of the cantilever and the tip snaps into contact (marked "snap
in" on the blue line). After snap in the sample continues in the same direction with the tip
in contact and the forces enter the repulsive region resulting in plastic or elastic
deformation of the material surface. The sample motion continues until a predetermined
position at which the sample is retracted (red line). At some point the force exerted by the
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spring constant of the cantilever is large enough to overcome both the attractive and
adhesive forces and the cantilever "snaps out" of contact. The additional force required to
break the contact between the tip and sample is referred to as the "adhesive force".
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Figure 5.26 Force curve for gold/diamond interaction obtained using the MultiTester.

Figure 5.27 Force curve for Palladium/diamond interaction obtained using the MultiTester.

The force curves for the gold/diamond and palladium/diamond interactions show
a considerable difference in behaviour between these two materials.

While these two

graphs illustrate two types of behaviour, i.e. "slide in/ slide out" gold/diamond and "snap
in/ snap out" for palladium/diamond, there are two other possible combinations and they
are; "slide in/snap out" and "snap in/slide out". Figures 5.28 and figure 5.29 show the force
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curves for the interaction of copper/diamond and aluminium/diamond respectively, both
of which exhibit the "slide in/snap" out behaviour. The values for the various features of
the force curves for a number of materials are presented in a spread sheet in Appendix F.

Figure 5.28 Force curve for aluminium/diamond interaction obtained using the MuItiTester. The
aluminium is coated onto an epoxy substrate.

Figure 5.29 Force curve for copper/diamond interaction obtained using the MuItiTester. The copper
is coated onto a titanium nitride substrate.

5.3.4

Hardness

Three methods of applying the load were considered for the hardness test. For all three
methods alignment of the detection system,
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mounting of the sample and the sample

approach were the same. Once in contact the additional load required to perform the
indent was provided by moving the sample forward until the deflection corresponding to
this load was achieved. The first loading method used the Z motion of the tube scanner
and was achieved by placing a ramp voltage from the computer controlled DAC directly to
the high voltage supply. The electronics and procedure are similar to the adhesive force
test and in fact the portion of the force curve after contact contains information relating to
the hardness. The major advantages of this system are that the rate at which the load can
be applied and the resolution of the load increments can be easily controlled. Indeed the
ability to control the rate of loading would enable the study of impact indentation.
However this method has a major disadvantage of a limited range in force but this is
common to instruments with high resolution. The range of force that can be applied is
determined by the scan range setting and ultimately by the extension of the tube scanner.
In order to maximise the range of loads it is necessary to switch the scan range to its
minimum setting and once the indent is performed the scan range is then changed to image
the sample. However changing the scan range induces a glitch in the tube scanner motion
and may result in the sample moving laterally.
An alternative to this system is the use of the inchworm. However the inchworm
used for the prototype MultiTester has a problem in relation to glitches arising from the
clamping action. Every 512 steps of the standard inchworm clamps activate and the
inchworm jumps Ijim. Consequently during indentation the existing inchworm will not
provide a continuous forward motion. As this will influence the size and shape of the
indents being performed its use is precluded. It is worth noting that it is possible to obtain
an inchworm where the clamping action is more controlled. However the cost of such a
system excluded its purchase during the development of the prototype.
Consequently it was decided to use a compromise manual approach using the
translator stage on which the approach system was mounted. This overcame the problem
of the clamping motion of the inchworm and the limitation in the range of the Z motion of
the PZT. However this approach does suffer from the disadvantage that being manually
set it is difficult to obtain the exact load and thus may lead to a certain amount of
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overshoot.

While this was a draw back it did allow measurements to be made that

illustrated the principle of the test.
To perform a hardness test a preliminary scan is performed to determine the
topography of the surface prior to indentation. With this completed it is necessary to
produce the indent. This is achieved by highlighting the "SCANNING" menu from the
main tool bar as shown in figure 4.13 and then highlighting the "TEST" option which
offers the various tests. Selecting the "HARDNESS" option results in the display of the
interactive window shown in figure 5.30. The position for the indent and the load to be
applied are then entered in this interactive window. For an automated test pressing the
"OK button" would move the sample to the specified position in a controlled fashion and
the indentation would then be performed. However, in this work the load was applied by
manually adjusting the Z translator stage until the required load was applied. This load
was maintained for approximately 30 seconds and then removed until the load was at its
pre-indent value. After the indent load was removed a further scan was performed in order
to obtain the dimensions of the indent. This indentation procedure was carried out on gold
and aluminium surfaces.
Hardness

Load to apply :
Scanner: Fast Scanning
Scan Line

rTime
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X initial position : 0
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Save

.Cancel
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Figure 5.30 Interactive window for performing the indentation. (Note: the load is entered in terms of
the photo-detector signal i.e. mV)

Topography images showing the surface prior to and after a series of indentation
operations are shown in figure 5.31. The loads applied to perform these indents are listed
in table 5.7. This table also lists the results for the indentation depths obtained from the
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post-indent topography images. The first image (left hand side) shows an indent produced
at a high load and application rate in order to produce a reference point. Figure 5.31(b)
shows the same area after the various loads have been applied with the inset image
showing the indentations performed at lower loads more clearly. The results for depth of
penetration at the various loads listed in table 5.7 are plotted in figure 5.32(a) together
with the results from two other indentation tests carried out on this surface.
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Figure 5.31 MultiTester topography images of a gold coating on an aluminium substrate (a) before
and (b) after the indents listed in table 5.7 are performed.
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Table 5.7 results from the image shown in figure 5.30.
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Indentation test on Aluminium
Load versus Indentation Depth

Indentation test on Gold
Load versus Indentation Depth

Figure 5.32 Shows two plots of indentation depth versus load for three sets of results on (a) gold
surface and (b) aluminium obtained from the MultiTester.

Two sets of the data show good correlation (gl_h2, gl_h3) while the third shows
some correlation. On close examination of the data it seems that there is a glitch at an
approximate load of 22)liN. In order to determine what caused the effect it is necessary to
examine the line profile of three indents (indents 2, 3 and 4), shown in figure 5.31 and
these are shown in figure 5.33. The line profile for indent 2 shows a straight indent larger
than the local surface roughness but at indent 3 a second feature appears on the right of the
indent. If indent 4 is examined a similar feature is clearly evident at the bottom of the
indent. It is interesting that this feature appears in both indents 3 and 4 which correspond
to the position on the graph at which the change in slope appears. This feature in the line
profiles is probably due to the fact that the tip has been modified

(by damage or

contamination) at some position below its apex and during the indentation process, at
loads above 22 \xN, has an effect similar to a second tip making contact with the sample.
However it is interesting to note that the slope of the data before and after this point on the
graph is similar and would imply that they would have the same hardness value. The
difficulty in obtaining clear indents at larger loads would also support the theory that the
tip has been modified. This effect was also seen for the indents obtained on an aluminium
coating for the series of indents shown in figure 5.34 (b) that are discussed next.
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Figure 5.33 The line profiles for indents 2, 3 and 4 as shown in figure 5.31.

A similar analysis was carried out on a sample which consisted of an aluminium
surface coated onto an epoxy substrate. The aluminium coating is much thinner than that
of the previous gold surface and this fact had a direct effect on the results obtained. The
results for the indentation at a range of loads are shown in figure 5.32, the last two indents
on the bottom right hand side of the pattern having been excluded from the graph because
the amount of pile up and damage made it difficult to determine the indentation depth.
There is good agreement between the three sets of data. The graph would seem to indicate
that at a depth of penetration of approximately 50 nm that the tip effect experienced on the
gold sample may be occurring with the aluminium sample. This depth of penetration of
50 pm also corresponds to the depth obtained on the gold surface but at a load of
approximately 30 pN as against 22 pN for the gold surface. This would appear reasonable
given that aluminium would be expected to be harder than gold.
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Figure 5.34 MultiTester topography images of an aluminium coating on an epoxy substrate (a) before
and (b) after the indents are performed.

A second feature of the graph is that the slope of the first two points appears to be
different to the rest which implies that the hardness of the material may have changed.
This change in the hardness and consequently the slope of the graph may be due to the
influence of the underlying substrate. The aluminium coating would be expected to have a
higher hardness value than that of the soft epoxy substrate and this is borne out by the
graph in figure 5.32(b) where the slope of the bottom section of the graph is less than the
upper section as the harder aluminium coating results in less depth of penetration. Initially
the tip probes the hardness of the aluminium coating until a penetration depth is reached
where the hardness is now influenced by the underlying epoxy substrate. It is worth
noting that another possible explanation for the harder outer layer is that the tip may be
probing the oxide layer which is present on aluminium surfaces in air. It is important to
note however that further analysis of the surface would be required before any definitive
conclusion could be drawn (especially as there are not enough points on the graph).
Generally the experience with epoxy materials is that high adhesion forces will be
encountered and this will result in the epoxy material adhering to the tip especially after
high loads have been applied. This fact may explain why the shape and depth of the
indents are poorly defined at high loads.
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5.3.5

Wear Measurement

As with the previous tests a wear test requires the alignment of the detection system and
the mounting of the sample on the tube scanner. In most cases it is necessary to perform a
scan of the sample prior to carrying out the wear test. After the initial image of the surface
has been obtained and with the tip still in contact it is now possible to perform the wear
operation. If the initial image was obtained in closed loop it is now necessary to switch
the system into open loop mode.

Once this is done the "WEAR TEST " option can be

selected from the "SCANNING" pull down menu bar. An interactive window appears as
shown in figure 5.35 with various parameter settings displayed. The operator enters test
parameters such as the number of cycles to be performed, the load applied, and the start
and end positions of the scratch. In these initial tests the speed at which the cycles are
performed depends on the time delay selected using the scroll bar function.

Wear
Y initial position : [3

Length :

X initial position : |"o

Number of cycles i [l

0

Load

MOVE PZT

Present Status
Idle

Read Contact

Curve Attenuation
GO

Delay
ms

.Cancel

1^1 I

l-±l

Figure 5.35 Interactive window for performing wear tests.

Once the scan parameters are selected the sample is moved to the start position of
the wear scratch by selecting the "MOVE PZT" button. When this operation is completed
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the option for applying the load becomes active. Selecting "APPLY LOAD" moves the
sample forward by sending pulses to the inchworm until the desired contact is reached.
The program then advises the operator that the correct load is applied and awaits the
selection of the "SCRATCH SAMPLE" button.

On selection it launches the scratch

operation. This allows the operator time to switch the system into the closed loop control
to ensure that the load remains constant during the cycle. On completion of the scratching
operation the "RETRACT OPTION" becomes active and again the system waits until this
button is selected in order to allow the operator to switch closed loop off prior to
retracting. The retract button is selected and the computer then sends out the same number
of pulses to the inchworm as were used to advance the sample.

The final stage of the

operation moves the sample back to the start position for scanning by selecting the
"RELEASE PZT" button.

The interactive window is closed on completion of these

operations and a scan is then performed of the scratched region. The scratch test was
carried out on the gold and aluminium samples used previously for the indentation tests.
The main variables that affect the wear results are the load, tip shape, scan rate,
and the number of cycles. In order to simplify the study of wear in relation to assessing
the performance of the MultiTester it was decided to limit the variables to two,

namely

the load and the number of cycles. These were selected because in the event of a situation
arising where it was not possible to damage the surface under the maximum load available
from the MultiTester, it would be possible to increase the number of cycles to produce a
wear scratch. The second reason that these two parameters were selected was that these
two factors are the main considerations in the actual wear life of a component. The
procedure outlined above was used to produce wear scratches on the aluminium surface as
shown in figure 5.36 where the two images were obtained on the TopoMetrix and
MultiTester respectively. The top four scratches represent tests carried out at a constant
number of cycles and varying load while the bottom four represent constant load and
varying number of cycles.

The loads and number of cycles used to perform these

scratches are listed in table 5.8 along with the calculated wear volumes, wear areas and the
average depth of the wear profiles. Calculations of the wear parameters, i.e. volume, area.
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depth, were performed using the particle analysis section of the TopoMetrix software.
This required conversion of the MultiTester image data into a format that the TopoMetrix
software could recognise.

52.63 iJim

I
26.31 [Jim

0 urn
0 [Jinn

26.31

52.63

Figure 5.36 Wear tests carried out on an aluminium coating on an epoxy substrate using the
MultiTester instrument. Imaging of the wear scars produced were performed using (a) the
TopoMetrix and (b) the MultiTester instruments. Note: the scars are the reverse way around due to
differences in sample mounting and in the direction of scan between the two instruments.

It is evident from the wear scar data in table 5.8 and the graphs in figure 5.37 that
the TopoMetrix values are larger than those obtained with the MultiTester. This is to be
expected and is due to the smaller radius and higher aspect ratio for the tip used by the
TopoMetrix instrument. Surprisingly the difference is more dramatic for tests made under
constant load.

However examination of the images of figure 5.36 shows that there is

more fine structure in the wear scars (numbers 5 to 8) produced at constant load. Again it
is reasonable to expect the TopoMetrix instrument to be more successful in imaging the
fine structure.
It is clear from the above that there is a difference in the way the MultiTester tip
creates the wear scar for the two types of test. Whether this is due to instrumental issues
(such as cantilever flexure or piezo as creep) or material issues is not known.
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TopoMetrix Image
Depth
Volume Area
(nm)
(pm)3
(pm)2

MultiTester Image
Volume Area
Depth
(pm)3
(pm)2
(nm)

Scratch No.

Load
pN

Number
of Cycles

Position

1

11.3

100

50,60

0.50

3.8

49.60

0.47

3.5

48.00

2

22.5

100

50, 120

1.10

7.9

172.16

1.00

7.2

168.40

3

33.8

100

50, 180

2.30

9.5

336.08

2.20

9.3

292.13

4

56.3

100

50, 240

4.60

13.5

416.74

4.20

13.7

387.18

5

28.1

50

150,60

0.60

3.4

138.26

0.57

3.9

128.16

6

28.1

100

150, 120

1.30

6.6

207.87

0.92

6.9

192.17

7

28.1

150

150, 180

2.90

8.7

309.64

2.30

8.0

271.00

8

28.1

200

150,240

3.20

10.4

364.08

2.50

9.3

311.70

Table 5.8 The experimental variables for performing the scratches in figure 5.35 along with the
various parameters that can be determined from the topographic images. This data was determined
using TopoMetrix particle analysis software.

Cycles

Load(pN)

(a) Constant Load of 28.1 pN

(b) Constant Number of Cycles (100 cycles)

Figure 5.37 The wear volumes measured plotted against the variables load (a) and number of cycles
(b). (O denotes data obtained with the TopoMetrix system, while A denotes data obtained with the
MultiTester.)
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Wear tests were also carried out on the gold surface previously used in the
indentation tests and the image corresponding to this wear test is shown in figure 538.
The graph in figure 5.39 (a) shows the volume removed versus number of cycles (i.e.
constant load) for the two trials.

It appears that the volumes removed are greater for the

gl_s2 trial despite the fact that they were carried out at the same load.

However this was

due to the scratches produced in trial gl_s2 being 10 to 11 pm in length compared to 6 to 7
pm in trial gl_s5.

Figure 5.38 Wear tests performed on a thick gold surface on an aluminium substrate, using the
MultiTester for trial gl_s5.

The graph in figure 5.39(b) shows the volume removed versus the changing load
(i.e. constant cycles) for the above two trials. The gl_s5 plot represents the data from the
wear marks shown in figure 5.38. The volume removed in the gl_s2 trial is greater than
the volume removed in the gl_s5 trial. This was expected since the number of cycles
applied during the gl_s2 trial was 200 as against 100 for the gl_s5 trial and this has a direct
effect on the volume.
The overall trends in the graphs of figures 5.37 and 5.39 are similar in nature with
wear scar volumes increasing with increasing load and increasing number of cycles. The
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initial part of all graphs show lower wear rates which may be due to the tip profile and/or
material elasticity and plasticity behaviour.
The graphs for the constant cycle tests (figures 5.37(b) and 5.39(b)) show the
greatest consistency.

A comparison of the graphs for variable load at 100 cycles for the

aluminium (figure 5.37(b)) and gold (figure 5.39(b) lower) coatings shows a higher wear
rate for aluminium. Gold is more ductile than aluminium and it appears from the images
that considerably more pile-up has occurred around the wear scar. The latter observation
suggests that more plastic deformation than material removal occurred for gold.

Figure 5.39 The volumes measured plotted against the variables load (a) and number of cycles (b).
(O denotes data obtained with the TopoMetrix system from trial gl_s2, while A denotes data
obtained from trial gl_s5.)
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CHAPTER SIX

CONCLUSION

The modification of the surface properties of solid materials by coating and other
processes is of increasing importance to industry. As surface modification processes have
developed there has been a need to characterise the mechanical properties of the surfaces
and sub-surfaces of solid materials. The main objective of this work was to determine the
feasibility of using scanning probe technologies to meet this need.
The key mechanical properties of solids and conventional testing methods have
been reviewed in chapter two. It is clear from this review that the basic concepts of many
macroscopic tests could be scaled down to the microscale and nanoscale using appropriate
technologies.

Following a further review in chapter three of scanned probe technologies

and their application to materials testing a concept for a multi-test instrument emerged. In
this concept, the scanning force microscope (SFM) was used as the basic platform for the
design and it was envisaged that a single diamond tipped cantilever would be used to
perform all the mechanical tests.
The design of the prototype MultiTester is presented in chapter four and this is
followed in chapter five by a description of the calibration and testing procedures. The
ability of the MultiTester to perform its individual tests was determined in a series of
applications described in section 5.3.
The topography information obtained with the prototype compared favourably
with that from the TopoMetrix Explorer.

While there were differences between the two

instruments these were due to the larger radius and smaller aspect ratio of the diamond tip
used in the MultiTester.

The crucial role of tip geometry in obtaining valid topography

data was dramatically emphasised in one particular application (figure 5.19) where the
diamond tip had to be replaced by one with a much larger aspect ratio.

Indeed this

experience demonstrates that one benefit of imaging topography is that tip problems are
evident.

Independent evaluations of the roughness of the same surface using a line
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profilometer failed to detect this problem.

The MultiTester can be used to measure

topography in open loop mode as well as the normal closed loop mode. While care must
be taken in open loop due to lack of control of the applied force the larger Z dynamic range
available in open loop has enabled very rough hard coatings to be successfully imaged.
The ability of the MultiTester to image in lateral force mode has been well
demonstrated in figure 5.24 where the diamond tip has differentiated clearly between
carbon fibres and a polymer matrix. The lateral force tests underlined the importance of
making simultaneous measurements of topography as the latter can create artifacts in the
lateral force image.

While lateral force data does not enable materials to be identified

they can be readily distinguished.
The hardness and wear tests demonstrated that the MultiTester could operate
successfully at very low loads.

The ability to image the indentation sites and the wear

scars in situ is a major advantage over other techniques.

However, even at the lowest

contact forces there was some evidence of slight damage occurring when imaging soft
surfaces with the diamond tip. Other work has demonstrated that this can be overcome in
a future instrument by imaging in a non-contact mode or an intermittent contact mode.
The adhesive force measurements provided force curves that were consistent with
the materials tested and demonstrated several of the interaction mechanisms that exist.
One test which was not developed to its full potential in relation to SPM testing was the
adhesion testing of coatings. A number of issues have to be dealt with in order to fully
implement this test; most crucial being the means of detecting the critical load. While it is
possible to determine the critical load from the topography and lateral force images it
would be an advantage to use a technique similar to acoustic emission. This could be
achieved by monitoring the cantilever which may vibrate as a consequence of the acoustic
emission which occurs at the critical load or by using the piezo tube scanner as a sensor.
The results presented have demonstrated that scanned probe technologies do
provide the basis for developing an instrument capable of mechanically testing materials at
the microscale and nanoscale. Several key mechanical tests have been demonstrated using
the MultiTester with a diamond tipped cantilever. Due to the size of the diamond tip it
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was not possible to perform the tests at the nanoscale level. This is due to the conflict of
requiring the hardest tip and the sharpest tip.

The diamond tip used in the MultiTester

was the sharpest available.
However recent advancements in fabrication techniques has led to the
development of cantilever silicon and tip assemblies which are coated in tungsten carbide.
These tips almost have the requisite hardness and provide nanoscale resolution. It is hoped
that in the near future a cantilever and tip assembly may be constructed completely from
diamond-like carbon.
While the currently available cantilever and tip assembly is a limitation to reading
the full potential of the MultiTester there are other modifications that would improve its
performance. The use of controlled approach in the operation of the inchworm would
enable the application of loads to be automated which is a cnicial component of the
majority of the tests. This can clearly be seen in relation to the indentation test where it
was necessary to apply the loads manually. Another modification would be to use printed
circuit boards instead of the general electronic strip boards as this would reduce the overall
electronic noise levels.
In conclusion the prototype MultiTester has demonstrated that it is feasible to use
scanning probe technologies to perform microscale and nanoscale testing of solid
materials. The ability of the MultiTester to carry out several key tests using the same tip
and cantilever system is of particular benefit.

With further development and validation

the MultiTester could have a significant role in materials testing.
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APPENDIX B
DETAILS OF APPROACH MECHANISM
The inchworm is mounted inside a protection box which is attached to 3 Ealing translators,
arranged to provide X, Y and Z motion in order to position the sample, mounted on the
end of the PZT tube scanner, under the tip. Due to the complexity of the approach system
it is necessary to consider its construction in two parts. The first will examine the PZT
arrangement and the use of the inchworm while the second part considers the mounting of
the PZT with regard to the problem of different size PZTs.
PZT Construction
The PZT tube scanner and its mounting on the end of the inchworm is shown in drawing
DRG-PZT-1. The PZT tube is mounted on a Macor machinable glass ceramic base with
the centre machined out. This ceramic base which acts as an electrical insulator has five
pins (5) which are held in position using Araldite hardener and adhesive. Four of these
pins have copper beryllium wire (16) wrapped around them which in turn is spring loaded
against the four quadrant electrodes of the piezo tube (3). The fifth pin also has copper
beryllium wire wrapped around it but this wire goes through the hole in the centre of the
ceramic and is spring loaded against the inside electrode of the piezo tube. The four wires
contacting the quadrants are the electrical contacts which provide the voltages to produce
the X and Y motion while the contact on the inside of piezo tube is grounded. The top of
the piezo tube is insulated with Macor machinable glass ceramic (2) onto which a button
magnet (1) is glued. The magnet is used for holding the sample mounting disc while the
various tests are performed. The five pins (5) serve a dual purpose as they not only
provide a means of electrical contact but also allow easy replacement and positioning of
PZT tube scanners. If another piezo is to be used the existing PZT tube and mounting is
removed and replaced by another with little disruption of the instrument.
The pins of the piezo mounting are pushed into the matching sockets (7) which
are mounted using Araldite adhesive in the coupling unit. This coupling unit (6) is made of
B.l

Macor machinable glass ceramic in order to electrically insulate the individual connectors.
These connectors protrude sufficiently from underneath the coupling to allow the wiring
(13) for the PZT to be crimped to the connectors. This coupling is attached to a fixing nut
(8) at the end of the inchworm shaft (10). The inchworm shaft is hollow which allows the
wiring for the PZT tube to pass through together with the shaft (12) of the fixing system
which provides a platform on the end of the inchworm onto which the coupling is
attached. The fixing system consists of two insulators (8,9) at each end which are held in
place with two fixing nut (8, 15) at the end of a threaded shaft (12) which runs up the
centre of the inchworm shaft. The insulator at the free end of the shaft has a slot at the
side to allow the wiring to feed into the hollow shaft of the inchworm. The various
components for this system are outlined in DRG-PZT-2 and DRG-PZT-3.
Coarse Approach System
The complete approach system is shown in drawing DRG-PZT/CA-1 which outlines both
the fine approach (piezo setup) as described above and the coarse approach which uses the
inchworm and the translator stages. The Burleigh inchwonn has a custom support (4)
which is mounted on the side of a solid box (2). This box is shown in drawing DRGPZT/CA-2 and was designed with two purposes in mind; the first being to protect the
inchworm for dirt and damage; and the second being to provide a solid base onto which
the heavier cables from the electronics could be attached. The connectors (5&6) for both
the inchworm and the PZT tube are mounted on the side of this box.

This box is then

mounted onto the set of previously described three translators. These translators provide
the means of manually positioning the sample under the tip. The thread on the adjuster
screws is 0.5 mm/revolution with a travel of 10 mm. The translator set is fixed onto a base
plate as shown in drawing DRG-ASB-2. This base plate has a series of tapped holes at
intervals of 12.5 mm which are used to fix the translator set. In the event of a different
length PZT being used it is possible to move the sample stage to the next appropriate
position.
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APPENDIX C

CALCULATION OF CANTILEVER SPRING CONSTANT
Cantilever Spring Constant (k)
Consider a spring cantilever made from AISI 304/EN58E stainless steel, foil with a
thickness of 50.8 pm.
Therefore using the cantilever dimensions selected in section 4.2.6 we have
L = lOmm

(Length of the Cantilever)

b = 1mm

(Width of the Cantilever)

Y = Inm

(Deflection of the Cantilever)

h = 50.8 pm

(Thickness of the Cantilever)

The value for Young’s Modulus of Elasticity, E, for Stainless steel AISI 304/EN58E foil
supplied from Goodfellow ranges from 190 to 210 GPa. For our purposes the value of E is
assumed to be 200 GPa.
The following procedure is an approved technique for determining the spring
constant k of a rectangular cantilever as outlined by Hearn [200, 201]:
The moment of inertia is given by
^

12
_ 0.001

X

(50
12

X

10^/

= 1.04xl0‘‘''m‘*
The cantilever deflection is given by

Y

=

WL
3EL

Rearranging this equation to calculate W, which represents the load
required to give this deflection Y, gives

W

=

3Ye

C.l

3

X

1

X

10^

200

X

X

10’

X

1.04 x 10'”

o.or
= 6.24 X 10"’N
= 6.24nN
This means a load of 6.22nN gives a deflection of Inm.
The Spring Constant k is then obtained from the equation:,

Load(nN)
Deflection (nm)

Therefore
6.24(nN)
l(nm)
Hence
k

= 6.24N/m

Resonance Frequency
The MultiTester in its operational mode requires that the cantilever is scanned across the
sample. It is necessary that the natural frequency

of the cantilever is determined in

order that the upper limit of the scanning rate can be determined.
The first method used to determine the natural frequency is based on a semi-empirical
formula developed by Thomson [202].
For the cantilever that has been designed above co^ is given by
CO.

where

=

2x

3EIg
F(W-H0.23Wb)

E

= Young’s Modulus of the Spring

W

= Weight/Unit Length of Spring
= Self Weight of Spring

g

= Acceleration due to Gravity

I

= Second Moment of Area of the Spring

1

= Free length of the Spring

E

= 200xl0’N/m^

For AISI304/EN58E:

C.2

Density (D) = 7.93g/cm^
To find W, the weight/unit length of the spring
W

= unit length x width x thickness
=1

X

0.001

50 X 10

X

-6

= 5x 10‘
To find

, Self Weight of the Spring
= Density x Volume
= 7930 X 0.001
= 3.965

To find

X

0.01 x 50 x 10'

X

10'‘

, the Natural Frequency

J

co„ = 2x

3EIg

P(W+0.23Wt

3

X

OP

= 2x

200 X lO’
X

6.121

X

1.04

X

10“” x 9.81

(5 X 10“® + 0.23(3.965 x 10^))

X

10

-5

V9.6195xl0-'^

= 15967.18 Hz
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REM** Program to calculate Kc

11

INPUT "multiple runs yes=l, no=0", X

12

IF X=:0 THEN GOTO 170

14

INPUT "Enter the numbe rof runs", N

19

FOR 1=^0 TO N STEP 1

20

INPUT "Enter Youngs Modulus in GN/m2 =",R

25

INPUT "Enter the density in g/cm3 =",A

31

INPUT "Enter the width=",M

32

INPUT "ENTER THE LENGTH=",N

33

INPUT "Enter the lengths",O

34

D = A*10^3

35

E = R*10^9

40

LETYr: 1* 10^-9

50

LETL = N/1000

60

LET B = M/1000

70

LET H = 0/10^6

75

LET G = 9.81

80

I = (B*(H^3))/12

90

k = (3*E*I*Y)/(L^3)

100 V = L*B*H
110 Wb = D*V
120 W=:1*B*H
130 Wc = SQR((3*E*I*g)/(L^3*(W+.23*Wb)))
135 Wn = 2*Wc
136 PRINT "W",W
137 PRINT "Wb",
140 PRINT "The value for I=",I
150 PRINT "The value for Kc=",k
160 PRINT "The value for Wn=",Wn
161 PRINT"(3*E*I*g)",(3*E*I*g)
165 NEXT I
167 END
170 INPUT "Enter Youngs Modulus in GN/m2=",R
180 INPUT "Enter the density in g/cm3 =",A
181 INPUT "Enter the width in mm=",M
182 INPUT "Enter the length in mm=",N
183 INPUT "Enter the thickness in )im=",0
190 D = A*10^3
200 E = R* 10/^9
C.7

210 LETY=:l*lOA-9
220 LETL = N/1000
230 LET 6 = M/1000
240 LET G = 0/10^6
250 LET G = 9.81
260 I = (B*(H^3))/12
270 K = (3*E*I*Y)/(L^3)
280 V = L*B*H
290 Wb = D*V
300 W=1*B*H
320 Wc

SQR ((3*E*I*G)/(L^3*(W+.23*WB)))

330 Wn = 2*Wc
331 PRINT "W",W
333 PRINT "Wb",Wb
340 PRINT "The value for
350 PRINT "The value for Kc=\k
360 PRINT "The value for Wn=",Wn
361 A=(L^3*(W+.23*Wb))
362 Q=:(3*E*I*g)
353 PRINT "Wc", Wc
365 PRINT" (3*E*I*g)",Q
366 PRINT" (L^3*(W+.23*Wb)",A
370 END
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APPENDIX D

ALIGNMENT OF MULTITESTER
The key components of the MultiTester have been described in section 4.2.7. A more
detailed description of the alignment of the unit is provided here. Drawing DGR-AS-1
shows all of these components as they are integrated.
When setting up the instrument the first essential task involves the arrangement of
the cantilever system with respect to the optical detection system. The cantilever and tip
(21) are held on the holder plate (11) using a screw and washer. This plate is mounted on
the holder bracket (10) and is clamped in place with a spring. This bracket is attached to a
translator (8). Once the cantilever is positioned correctly the laser (14) is switched on.
Care must be taken to protect any damage to the eyes. The laser is focused with the laser
spot positioned at the end of the cantilever (for maximum sensitivity) with the aid of the
two translators (12). The laser reflects off either the back of the cantilever (or a miniature
mirror mounted on the cantilever) onto the quad photodiode (16) via the filter (15). The
reflected beam is positioned centrally on the quad photodiode using the two translators
(19). The beam is centred by observing the T-B and L-R signals on an oscilloscope and
adjusting the translators until they read zero. Once this has been aligned it is now possible
for the sample to be moved towards the tip.
The sample has a small metal disc either glued or taped to the back of it, which
is then used to sit the sample on the button magnet (22). Once the approach system is in
the correct position it is possible to use the Z translator (2) to manually move the sample to
within a few millimetres of the cantilever tip. The travel of the Z translator is then locked
to prevent further movement. The sample is positioned in the XY plane using the other
two XY translators (4,5).
With all the translators locked in position the inchworm (30) can be used to
approach the sample. It is possible in most situations to use the inchworm to make the
desired contact since it has a resolution of approximately 2nm. However in situations

D.l

where more control of the contact is needed, the inchworm first makes contact and the
close loop is engaged. Once this has occurred the degree of contact can be controlled with
the piezo tube by adjusting the position of the setpoint of the controller.
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APPENDIX E

DETAILS OF ELECTRONIC LAYOUT

The laser beam reflects off the cantilever and onto the quad-diode which is arranged to
measure both the lateral force and the topography simultaneously. Drawing DRG-EL-1
shows the four quadrants which are used to produce the topography and lateral force
signals. The topography signal is obtained from the pre-amplifier stage (pre-amp) by
summing the quadrants A plus B and C plus D and subtracting them from each other
{(A+B)-(C+D)}. The lateral force signal is similarly obtained from the quadrants {(A+C)(B+C)}. Both of these signals are also amplified at the pre-amp stage before being passed
onto the various circuit boards in the rack system as shown in DRG-EL-2. The operations
on the A, B, C and D are performed at the pre-amp stage, which is as close to the quad
diode pins as possible, in order to reduce electronic noise.
There are two possible modes of operation of the electronic system and they are
selected by the switch SWl shown in DRG-EL-1. The front panel control for this switch is
shown on board A of the rack system. These two modes are open loop, which simply
monitors the signal from the pre-amp, and closed loop which attempts to take corrective
action to keep the topography signal constant. The open loop mode is considered first as
the system on start up must be in this mode in order to perform both the alignment and
contact procedures.
On start-up with the electronics in the open loop, the topography signal passes
through a buffer, which is used for isolation purposes, and is displayed on a liquid crystal
display (LCD) as shown in drawing DRG-EL-l. This LCD has a range of ±120 mV. It is
necessary initially to adjust the position of the quad photo-diode for a-zero output using
the two translators. The reflected beam may be at an extreme position in the quad photo
diode. By monitoring the topography and lateral force signals of the quad photo-diode
using an oscilloscope it is possible to adjust the position of the photo-diode until its
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outputs are within the LCD's range. The monitoring point for the oscilloscope is shown at
the right of drawing DGR-EL-1.
Prior to imaging a sample it is necessary to perform a second procedure with the
system still in open loop mode. This involves moving the sample towards the tip using the
inchworm until the desired contact is obtained as determined from the deflection of the
cantilever. This procedure requires that the sample is reasonably close to cantilever which
is achieved using both the Z sample translator and manual control of the inchworm. Once
this is done the operator sets the desired contact force by entering the value on the
computer. The approach routine is then selected which results in the computer taking over
the control of the approach of the sample via the inchworm. The computer sending out a
pulse via the PC8255 card to the inchworm controller via the connection box, as shown in
DRG-EL-2.

A single pulse causes the inchworm to move the sample forward one

increment with the computer monitoring the topography signal. The pulses continue until
the appropriate value of topography signal is reached.
The computer determines that the desired contact is reached by monitoring the
topography signal at the position marked "computer contact" in drawing DRG-EL-1. The
electronic circuit for this procedure is shown in this drawing: the signal from the pre-amp
goes to the computer contact via a buffer, sum and inverter op-amp. It is worth noting
that this signal also has +5V added to the signal in order to cope with situations where the
topography signal is negative.
A common feature of most of the tests is the necessity to image the surface after
an operation has been performed and this involves scanning the sample in either open or
closed loop. The operation of both of these modes during scanning will be considered in
relation to the electronics required.
In open loop switch SWl initially allows the topography signal pass through a
variable gain and buffer avoiding the subtract op-amp for closed loop. A second switching
operation shown at the bottom of drawing DRG-EL-1 switches out the closed loop
controller allowing the signal to pass through the offset before going to the computer via
the ADDA-12 card. The offset is used to manipulate the signal in order for the computer
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to avoid saturation during imaging while the gain provides different sensitivities for the
diverse range of sample being imaged. The offset and gain on the topography signal to the
computer are controlled using the dials on board F, as shown in figure 2. There is also a
third point in the circuit that the switching of SWl has an effect.

This is seen in the

bottom left hand comer of the drawing where the switching of SWl to the open loop
position results in the Z input to the PZT been switched to ground instead of the high
voltage. The fluctuations of the topography signal, [(A+B)-(C+D)], monitored by the
computer are then combined with the scan in the X and Y direction to produce an image of
the sample.
The signal for the lateral force is obtained in much the same manner as that of the
topography. Here the lateral force measurements are obtained from summing the [(A+D)(C+B)] quadrants of the photo-diode and this signal like topography passes through a gain
and offset prior to entering the computer. The lateral force circuit does have a major
difference from the topography signal in that it is always in the open loop mode.
In the closed loop mode, the signal for the topography from the quad photo diode
{(A+B)-(C+D)} no longer goes directly to the computer but to a controller.

This

controller attempts to keep the topography signal {(A+B)-(C+D)} at a constant value,
usually arranged for the null position i.e. zero voltage output, by adjusting the position of
the sample using the PZT tube. Therefore if the controller loop is operating perfectly the
topography output from the photo-diode will be zero.

In this situation the signal now

going to the computer to generate the image will come from the error signal in the
controller loop.
Drawing DRG-EL-1 shows the controller in more detail.

With switch SWl

closed the topography signal bypasses the open loop gain and enters into a differentiator
which is arranged for a null position. At the "+" side of the differentiator the reference or
setpoint "Vref" is entered by the operator using the dial on board C of the rack unit. The
selection of the setpoint is important because it is this value that determines the amount of
contact between the sample and tip. With the setpoint selected the differentiator subtracts
the Vref from the topography signal. If this results in a zero signal then no corrective
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action is taken by the controller. However if the differentiator produces an error signal
(topography signal - "Vref"' ) then the loop must take corrective action by moving the
sample on the PZT tube until the deflection returns to its setpoint position.
The control loop was either proportional (P) or proportional and integral (I)
action. Switch SW2, which is shown as a shaded box in drawing DRG-EL-1, allows
either P, on its own, or PI action to be used in the control loop. In both cases the amount
of proportional (P) action in the loop can be controlled using the dial on Board G as shown
in DRG-EL-4. In this circuit an RC arrangement is used to generate the integral (I) action
in the loop and the control for this is on Board H. The integral (I) action is usually used in
conjunction with proportional (PI) action and this is done in this circuit by summing both
actions using as sum op-amp, as shown in DRG-EL-1.

The amount of integral and

proportional summed is controlled by the dial on board G of the rack unit.
The error signal coming from the sum op-amp of the controller passes through a
buffer, used for isolation purposes, and then onto the high voltage supply. This is used to
control the output of the high voltage supply to the Z of the PZT, which results in the
sample moving until the correct deflection on the cantilever is achieved.

It is this

movement that returns the topography signal to the setpoint value. The signal that is used
to control the high voltage supply passes through a variable gain and offset prior to
entering the computer, and this error signal is the signal used to generate an image of the
sample's topography. The closed loop arrangement is also used to maintain a constant
force during the scratching operations.
The above explanation of open and closed loop operation of the electronics for
the MultiTester deal with the imaging of the sample surface, and in certain situations
after a test is performed. This is the case with topography imaging, lateral force imaging,
the wear test and the indentation hardness test. However some tests require different set
up, which in certain situations can be quite simple while in others may require specific
alterations. For example in the case of the hardness test the MultiTester has the ability to
perform the two main types of indentation tests, i.e. depth of penetration and indentation
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imaging (Section 3.2). With both systems it is necessary to perform an indentation which
is done in two ways:
•

In open loop by moving the sample to the centre position and sending pulses to
the inchworm until the desired load is reached.

•

In closed loop by moving the sample to the centre position and setting the scan
range to a minimum on boards I and K , the load then being altered using the
closed loop setpoint.

Another test that has differences is that of the adhesive force. In the test for adhesive force
no scanning of the sample is required and the full range of the PZT is used to move the
PZT in the Z direction. In this situation it is necessary for the computer to produce a
ramping voltage to the Z of the PZT while monitoring the topography signal. This means
that the output of the D/A channel of the ADDA-12 card is connected straight through to
the high voltage supply and with the switch on board A set to open, the topography signal
[(A+C)-(B+D)] is then monitored with the A/D channel on the ADDA-12 card.
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